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Anaerobic digestion is a microbiological process that converts biodegradable organic 
material into biogas, consisting primarily of methane and carbon dioxide.  Anaerobic digestion 
technologies have been integrated into wastewater treatment facilities nationwide for many 
decades to increase the economic viability of the treatment process by converting a waste 
stream into two valuable products: biogas and fertilizer.  Thus, anaerobic digestion offers 
potential economic and environmental benefits of organic waste diversion and renewable 
energy generation. The use of biogas has many applications, including cogeneration, direct 
combustion, upgrading for conversion to feed a fuel cell, and compression for injection into the 
natural gas grid or for vehicular use.  The potential benefits of waste diversion and renewable 
energy generation are now being realized by major organic waste generators in New York 
State, in particular the food manufacturing and dairy industries, thus warranting an analysis of 
the energy generation potential for these waste products. 
Anaerobic codigestion of dairy manure and food-based feedstocks reflects a cradle-to- 
cradle approach to organic waste management. Given both of their abundance throughout New 
York State, waste-to-energy processes represent promising waste management strategies. The 
objective of this thesis was to evaluate the current technical and economic feasibility of 
anaerobically codigesting existing dairy manure and food manufacturing waste feedstocks in 
New York State to produce high quality biogas for renewable energy generation. 
The first element to determining the technical feasibility of anaerobic codigestion 
potential in New York State was to first understand the feedstock availability.  A 
comprehensive survey of existing organic waste streams was conducted.  The key objective 
was to identify the volume and composition of dairy manure and liquid-phase food 
 
5 
manufacturing waste streams available in New York State to make codigestion of multiple 
feedstocks in centralized anaerobic codigestion facilities an economically attractive alternative 
to traditional waste disposal pathways (e.g. landfill and wastewater treatment facilities).  A 
technical and environmental assessment of processing food manufacturing wastes and dairy 
manure for production of electricity via cogeneration, while dependent on biogas quantity and 
quality as well as the proximity of the waste generators to the centralized codigestion facility, 
suggests that a real possibility exists for integrating dairy operations with food manufacturing 
facilities, dependent on the values of the parameters indicated in this thesis.  The results of the 
environmental analysis show that considerable electricity generation and greenhouse gas 
emissions reductions are possible, depending primarily on feedstock availability and proximity 
to the centralized anaerobic digester.  
The initial results are encouraging and future work is warranted for analyzing the site-
specific technical and economic viability of codigesting dairy manure and food manufacturing 
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Chapter	  1:	  Introduction	  
Background	  
It has been greater than 175 years since the French mathematician and physicist Joseph 
Fourier first theorized that the Earth’s atmosphere works very much like the glass surrounding 
a greenhouse.  Fourier was the first to discover this natural phenomenon, and is credited with 
coining the term “greenhouse effect” [1].  Building on Fourier’s findings, Swedish physicist 
and chemist Svante Arrhenius, was the first person to put forth the theory that carbon dioxide 
from burning fossil fuels and other combustion processes could trap enough heat to cause 
widespread warming of the Earth’s surface.  Today, after more than a century of 
industrialization, global climate change is perhaps the largest single vulnerability to the world’s 
energy system and environmental integrity.  With ever expanding fossil fuel usage, the 
overwhelming consensus among the scientific community is that the environmental and human 
impacts of global climate change are both real and a cause for concern.  
Integrating waste-to-energy conversion processes with traditional dairy manure and 
food manufacturing waste disposal techniques could have a transformative impact on the 
industry by reducing organic waste disposal volumes and the associated disposal fees.  
Compared to major fossil energy generation sources (e.g. coal, oil, natural gas, etc.), waste-to-
energy power generation techniques such as anaerobic digestion emit far lower levels of 
greenhouse gas emissions, even when feedstock collection, transportation and facility 
operation are taken into consideration.  Furthermore, anaerobic digestion helps to reduce 
greenhouse gas emissions both directly and indirectly.  Digestion facilities capture and destroy 
methane (often through utilization pathways; flare, cogeneration, grid injection, etc.) that 
would have otherwise been released into the atmosphere through manure volatilization.  
Volatilization occurs primarily in the manure storage lagoons, where strictly anaerobic 
methanogens produce methane gas that subsequently bubbles to the surface and is released 
directly into the atmosphere.  Furthermore, flatulence from dairy cows constitutes the 
remaining majority of the direct methane emissions emitted by dairy operations.  The biogas 
captured by digester facilities can also be used to generate electricity, which typically offsets 
fossil fuel use.  This in turn means that biogas utilization at anaerobic digestion facilities has 




There were five primary objectives of this thesis that all shared the recurring theme of 
anaerobic codigestion potential within New York State utilizing existing dairy manure and 
food manufacturing wastes. The specific research objectives were to: 
• Evaluate the New York State dairy and food manufacturing byproduct feedstock 
availability throughout New York State available for anaerobic codigestion.  This 
assessment considered the volume and properties of organic waste streams 
produced within New York State as potential anaerobic codigestion feedstocks, 
including, food manufacturing facilities, fat, oil and grease generators, and 
brewery and distillery operations.  
• Conduct an environmental impact assessment of an operational anaerobic 
codigestion facility in Western New York State by quantifying the environmental 
benefits derived from renewable energy generation and organic waste diversion 
from traditional waste disposal practices to the centralized anaerobic codigestion 
facility.  The net environmental impact assessment considered each of the 
following impacts: 
§ Avoided landfill emissions from diverting food manufacturing wastes 
from landfills  
§ Greenhouse gas emission impacts of hauling organic feedstocks 
§ Greenhouse gas emission impacts of displaced grid electrical power 
generation 
§ Influence on criteria pollutant emissions 
§ Net greenhouse gas emissions assessment considering each of the above 
emissions 
• Construct a multi-criteria optimization analysis to assess the optimal blending 
strategies that anaerobic codigestion facilities should use to maximize profits 
• Present a conceptual economic framework to analyze various pathways aimed at 




Chapter	  2:	  Literature	  Review	  
Process	  Overview	  
Bioenergy production from organic wastes is an essential component in the global 
development of sustainable energy processes.  Anaerobic digestion, a widely used process on a 
global scale, uses sequential breakdown of organic matter by syntrophic microbial 
communities to produce methane gas from organic substrates.  This naturally occurring process 
occurs in the gut of ruminants, deep in oceanic sediments, and even in the soil beneath us.  In 
all of these environments, the products of anaerobic fermentation will vary greatly depending 
on the microbial species involved in the fermentive process.  Therefore, changes in the organic 
matter substrates available for methane-forming organisms largely impact not only their 
community distribution, but also the performance of the digestion process.  A typical anaerobic 
bioenergy community contains over 300 different species of bacteria [2].   
The process by which these microbes break down organic substrates can be divided into 
four sequential stages, each with their own process significance: 
1. The first step of the anaerobic digestion process is hydrolysis.  In this 
biochemical process, complex (insoluble) polymers (lipids, polysaccharides, 
and proteins or amino acids) are broken down into simpler constituents that are 
generally more soluble.  This step is essential because it enables the molecules 
to enter the bacterial cell wall.  Hydrolysis is often considered the rate-limiting 
step because it involves the most complex series of syntrophic reactions and the 
largest molecule sizes [39]. 
2. Acidogenesis is the next step, and involves the conversion of the soluble 
monomers formed by hydrolysis into simpler alcohols and volatile fatty acids.  
The majority of the volatile fatty acids produced during acidogenesis are short 
chain fatty acids (e.g. acetate, butanol, butyrate, ethanol, proponol), with acetate 
being the principal organic acid used as a substrate by the methane-forming 
organisms.   Gases such as hydrogen and carbon dioxide are also released 
during this process.  These two gases can be converted into acetate and / or 
methane via certain strains of bacteria and thus are not inhibitory byproducts.  
Since many of the bacteria involved in hydrolysis are also involved in 
acidogenesis, these two steps are often combined to form the term anaerobic 
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fermentation; since it resembles the conventional fermentation process, but 
under anoxic conditions.   
3. Acetogenesis occurs simultaneously to acidogenesis, but by different syntrophic 
anaerobes.  Here, many of the acids and alcohols produced are degraded into 
acetate that can be used as a substrate by the methanogenic bacteria.   
4. The methane-forming organisms involved in methanogenesis are actually not 
classified as bacteria, but as prokaryotic single-celled organisms from the 
Archaea kingdom.  Their lack of membrane lipids, distinct RNA molecules, and 
peptidoglycan, distinguishes them from being classified as bacteria [3].  There 
are three unique substrate utilization pathways for methane production to take 
place in the methanogenesis biochemical process (Table 1).  Nearly 70% of the 
total methane gas produced is produced via the acetate reaction pathway [2].    
 
Table 1.  Substrate utilization pathways for methane production in anaerobic digestion 
environments [3]. 
Type Reaction Equation 
Pathway utilization 
proportion 
Acetate Type CH3COO- + H2O -> CH4 + HCO3 70% 
Carbon Dioxide Type CO2 + 4H2 -> CH4 + 2H2O 30% 
Methyl Carbon Type CH3OH + H2 -> CH4 + H2O <1% 
 
Since most feedstocks contain a small amount of sulfur compounds such as sulfate, 
sulfur-reducing bacteria compete with methane-forming organisms for substrates and produce 
hydrogen sulfide gas, which is usually considered an unusable byproduct of the overall 
process.  Furthermore, if nitrate is present in the feedstock, it becomes an electron accepter and 
is reduced to form nitrogen gas by nitrate-forming bacteria.   
Although methane gas is the primary product of anaerobic digestion, other gases are 
produced, and gas composition varies widely based on feedstock characteristics as well as 
digester stability.  Typical biogas composition values are shown below in (Table 2) [2].  Using 
the average methane concentration value of biogas and its energy content, the energy content in 
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terms of kilowatt-hours per volume can be calculated.  As seen described in Chapter 4 of this 
thesis, the resulting value is 9.96 kWh / m3 CH4 at STP (25 °C, 1atm) [4].  
 
Table 2.   Typical biogas composition values [5]. 
Component 
Concentration      
(% vol) Origin 
Methane (CH4) 50-75% Reduction of organic compounds 
Carbon Dioxide (CO2) 25-50% Reduction of organic compounds 
Hydrogen Sulfide (H2S) 0-3% Sulfate reduction by sulfate-reducing bacteria 
Nitrogen (N2) 0-5% Nitrate reduction by nitrate-reducing bacteria 
Water (H2O) 1-5% Water vapor due to heating 
Ammonia (NH3) 0-0.1% Reduction of nitrogen compounds 
 
In the U.S., there are various commercially utilized methods for the stabilization of 
organic wastes, including: fermentation of sugars into ethanol, transesterification of 
triglycerides into biodiesel, and anaerobic digestion into biogas.  Anaerobic digestion can be 
applied to a wide range of organic feedstocks, including industrial, agricultural and municipal 
wastes.  The types of feedstocks fed to an anaerobic digester have a significant effect on the 
quantity and quality of biogas and solid effluent produced.  For example, even in an optimally 
functioning digester system, agricultural wastes containing hemicellulosic and lignocellulosic 
material have low biodegradation efficiencies, and require effective pretreatment techniques in 
order to be a beneficial feedstock to digestion systems [2].  With no pretreatment, the biomass 
simply passes through the digestion system with little or no biodegradation.  Comparatively, 
feedstocks high in fats and proteins are broken down within a few days, while low molecular 
weight carbohydrates and alcohols biodegrade even more rapidly, typically within a few hours 
[2].   
Many food manufacturing wastewaters are high in the more readily biodegradable 
biomass, including sugar monomers, proteins, etc., and are well suited for anaerobic digestion. 
However, if digested as the sole feedstock, overacidification (due to excess volatile fatty acid 
production) would likely occur and spoil the process.  Thus, an alkaline feedstock that is also 
less biodegradable is used to buffer, or slow down, the fermentation process.  Dairy manure fits 
this description well, and provides the essential buffer needed to optimize the anaerobic 
digestion process with combined feedstocks.  Figure 1 shows a representative diagram of the 




Figure 1.  Basic anaerobic digestion system diagram, U.S. Environmental Protection Agency 
[6]. 
Anaerobic	  Codigestion	  
The simultaneous anaerobic digestion of multiple organic wastes in one digester is 
commonly referred to as anaerobic codigestion.  Codigestion is a process used to increase 
methane production via the introduction of high-yielding, readily digestible organic feedstocks.  
However, care must be taken to avoid feedstocks that may inhibit the codigestion process, and 
thus reduce methane production.  Feedstock sources vary significantly, and are largely subject 
to material availability and economic viability of accepting the organic material.  Table 3 
provides a list of some of the more common codigestion feedstocks typically used in addition 
to agricultural feedstocks (e.g. dairy manure).  The key benefits of anaerobic codigestion are 
improved nutrient balance, increased biogas production through the syntrophic effects of 
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microorganisms, increased degradation of feedstock volatile solids, and increased methane 
yield.   
 
Table 3.  Methane production potentials for common codigestion feedstocks [7]. 
Source 
CH4 Potential 
(m3 CH4 / MT raw material)              
at STP 
Liquid dairy manure 20 
Potato mash 50 
Brewery waste 75 
Lawn clippings 125 
Molasses 230 
Fats, oil and grease (FOG) 250 
 
The two most common primary waste feedstocks are municipal wastewater sludge and 
animal wastes (e,g. dairy manure). There are three potential outcomes of anaerobic codigestion 
scenarios: neutral, antagonistic, and synergistic.  Neutral outcomes result when methane 
production potential and process stability remains constant.  Antagonistic results occur when 
the addition of a supplemental feedstock (e.g. food waste) actually inhibits methane production 
and process stability.  Synergistic results are the most desirable and result in increased methane 
production compared to a single feedstock scenario.  Regarding codigestion of food wastes 
with other waste feedstocks, most of the research has involved short-term bench-scale or pilot-
scale demonstrations [8, 15, 16, 17, 18, 19, 20].  Although less common, codigestion at 
commercial or utility scale has shown promising methane production potential improvements, 
which indicates synergistic effects on the codigestion process [4, 9, 14]. 
Dairy farmers face significant challenges managing manure and rinse water to control 
agricultural runoff and odor.  Current livestock manure management practices in the United 
States account for approximately 2 million tons of methane per year [10].  The U.S. EPA 
estimates that this accounts for approximately 8 percent of the total U.S. methane emissions 
annually [11]. 
The rich agricultural industry of New York State, ranking 2nd, 3rd, and 4th in the United 
States in the production of apples, milk and cheese, respectively, contributes a large amount of 
raw organic material to New York State food manufacturing facilities [12].  Although these 
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facilities strive to minimize the amount of wasted material, organic waste is inevitable, mostly 
via the production of excess material and unusable byproducts.  A portion of the organic waste 
generation is also derived from aged or spoiled material that is unsuitable for the consumer 
food industry.  Food manufacturing facilities statewide generate large volumes of high-strength 
organic waste, in both solid and aqueous form, most of which is either landfilled or sent to 
wastewater treatment facilities.  The rich organic properties of this waste make it well-suited 
for feedstock to anaerobic codigestion processes.  Care must be taken to avoid high proportions 
of easily biodegradable feedstocks (e.g. raw fruits and vegetables) in order to prevent volatile 
fatty acid acidification, a symptom of digester instability resulting in decreased methane 
production.   
One of the key parameters effecting feedstock quality is the carbon / nitrogen (C/N) 
ratio.  Achieving the optimum C/N ratio in the codigestion process (ranging from 20-25:1) is 
achieved with the methodical addition of high-carbon substrates and high-nitrogen substrates 
[13].  Analytical laboratory analyses can be conducted to identify the carbon content, nitrogen 
content, and their individual C/N ratios, each of which are useful for identifying codigestion 
feedstock blending ratios.  These parameters can be optimized via co-substrate addition to 
optimize methane production.   
The codigestion model works best when using the integrated concept of a centralized 
codigestion facility.  The joint collaboration between farms producing manure, and facilities 
producing other types of organically digestible wastes, has been pioneered by the biogas 
industry in Denmark.  After two decades of field research, they have effectively integrated the 
agricultural, economic and environmental benefits of anaerobic codigestion systems; including 
manure and organic waste treatment, renewable energy generation, pathogen reduction via 
sanitation, and nutrient recycling via liquid and solid digested residues.  They have developed 
two common classifications of digestion facilities: (1) full-scale, joint codigestion facilities at 
existing municipal wastewater treatment facilities and (2) farm-scale codigestion facilities.  
The biogas production process represents an integrated system of renewable energy 
production, resource utilization, organic waste treatment, and nutrient recycling (Figure 2).  
The introduction of food-based organic feedstocks and agricultural residues into existing 
manure-based anaerobic digestion systems has provided enhanced biogas production, and this 
has led to great interest in codigestion in recent years. 
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Table 4 outlines a selection of full-scale and laboratory-scale codigestion studies that 
have been reported in the literature since 2000.  The East Bay Municipal Utility District 
codigestion process operates the nation’s largest codigestion operation, treating post-consumer 
food wastes along with municipal solid waste at a municipal wastewater treatment plant [14].  
From the sole standpoint of codigestion and energy generation, this project has showed great 
promise for the future of anaerobic codigestion facility development in the United States.  
Also, their food-waste collection system has now set the precedent for large-scale collection 
and processing, one that municipalities across the country can emulate.  The success of the East 
Bay Municipal Utility District project, funded partially by the U.S. Environmental Protection 








Table 4.  A selection of codigestion studies utilizing using non-traditional organic wastes since 
2000.  (MSW = municipal solid waste.  FOG = fat, oil and grease) 
Codigestates Results Reference 
Post-consumer food 
waste and MSW 
Codigestion of food waste scraps and MSW 
increased biogas production by 35% 
 
U.S. Environmental 
Protection Agency (2008) 
[14] 
FOG and MSW 
Increased biogas production by 17 - 108% 
over control, but digestion of FOG only 
feasible up to 35% of total feed by volume 
 
Suto et al. (2006)  [15] 
Grease trap waste and 
FOG 
Increased methane yield 9 - 27% when 




and brewery wastes 
Notable synergism effects, increased biogas 
production by over 50% Zitomer et al. (2006) [17] 
FOG and MSW 
 
Increased methane production yield by 137% 
at 64% FOG composition 
Wan et al. (2011) [18] 
 




Balanced C/N ratio using high-carbon paper 
waste with high-nitrogen algal sludge.   Methane 
production rose 104% at 
20-25:1 C/N ratio 
compared to algal sludge alone 
Yen and Brune (2007) [13] 
 
Brewery waste, food 
waste MSW 
 
Up to 70% increase in biogas compared 
to MSW alone 
Zitomer and Adhikari (2005) 
[19] 
 
Fruit and vegetable 
waste, and MSW 
 
Increase in biogas production by 27% 
compared to MSW alone 
Edelmann et al. (2000) [20] 
 
 
Benefits	  of	  Anaerobic	  Digestion	  of	  Food	  Waste	  
The U.S. Environmental Protection Agency reports that food-based waste is the second 
largest category of municipal solid waste (MSW) sent to landfills in the U.S., preceded only by 
paper [21].  Food wastes account for approximately 14% of the total waste disposed of in 
landfills [14].   The U.S. produced greater than 34 million tons of food waste in 2012, of which 
less than 5% was recovered and recycled.  The uncontrolled degradation of food wastes in 
landfills generates methane gas, which is considered a potent greenhouse gas, thus making it a 
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substantial contributor to climate change.  Some landfills capture the methane gas and either 
flare it full time to generate carbon dioxide gas instead, or use it in an energy generation 
system such as a cogeneration plant or fuel cell.   
The U.S. Environmental Protection Agency has been at the forefront of diverting food 
wastes to anaerobic digester facilities, whether they are privately owned or part of the public 
wastewater treatment system.  They have listed multiple benefits for anaerobic codigestion of 
food waste with other organic feedstocks (e.g. MSW, animal manure, etc.), including economic 
benefits, climate change mitigation, and diversion opportunities.  Diverting food waste and 
other organic wastes from landfills to anaerobic codigestion facilities, allows for the methane 
to be captured more efficiently and utilized beneficially while reducing the overall methane 
emissions.  Furthermore, biogas produced at an anaerobic codigestion facility is considered 
renewable, thus, there exists potential for greater greenhouse gas emissions reductions due to 
the energy offsets provided by an on-site energy generation system.   
Anaerobic codigestion could utilize both existing infrastructure (e.g. wastewater 
treatment facilities) or new infrastructure (e.g. dedicated codigestion facilities) to process food 
wastes for biogas generation.  Utilizing the existing infrastructure has seen only minor growth, 
but the benefits are potentially significant.  The cost savings associated with codigestion at 
existing facilities result from grid energy displacement via on-site renewable energy 
generation, and also from the additional revenue that the collection of tipping fees would 
provide.  Utilizing existing infrastructure for codigestion may provide the most sensible 
diversion opportunity, especially for urban-derived food wastes.  Food manufacturers located 
in urban and suburban areas could contract with local hauling companies to deliver their waste 
products to the codigestion facility.   
Since food wastes often constitute a considerable portion of MSW, there may also be 
potential to locate new codigestion facilities nearby existing landfills.  Landfill capacity is on 
the decline in many U.S. states, thus a gap begins to emerge where there will be a surplus of 
solid waste with no disposal site [22].  Landfills are becoming a scarce resource, and with that 
will come stricter waste management regulation, new waste diversion policies, higher waste 
disposal costs, and the implementation of new waste diversion programs.  Integrating 
centralized codigestion facilities may help facilitate the waste diversion process and reduce 
landfill loads.  Furthermore, biogas collection efficiency and quality are both higher at biogas 
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facilities than landfills.  Therefore, the overall energy generation process will be more efficient, 
supporting New York State’s greenhouse gas emission, waste diversion, and renewable 
portfolio standard goals. 
 
Overview	  of	  Biogas	  Utilization	  Pathways	  
Biogas production has many advantages, even when compared to existing and 
developing renewable energy technologies.  Biogas can be readily produced from existing 
feedstocks (as part of the waste-to-energy cycle, and excluding dedicated bioenergy crops), and 
it can also be easily stored and distributed to its utilization source.  Biogas can also be utilized 
in multiple ways: 
 
• Combined heat and power (CHP) production via recuperating engine 
or microturbine 
• Upgrade for vehicular utilization 
• Purification and upgrade for injection into the existing natural gas 
grid 
• Purification and upgrade for utilization in fuel cells (also a CHP 
process) 
 
State-level, in addition to national policies and frameworks including tax incentives, 
subsidies and rebates, in addition to resource availability, govern the optimal biogas utilization 
pathway.  In New York State, biogas is primarily used for electricity and heat production [23].  
In countries such as Sweden, Switzerland, and Iran, a growing portion of biogas is used in the 
transportation sector [24].  These utilization differences are primarily due to the monetary 
value of the energy derived from biogas energy (e.g. electricity or upgraded biogas).  New 
York State lacks a well-developed natural gas vehicle fueling infrastructure, and as part of a 
larger country, an even larger Natural gas vehicle fueling infrastructure would be needed to 
facilitate market penetration of natural gas / biogas vehicles.  Natural gas fueling infrastructure 
development has occurred in urban areas where mass-transit vehicles operate within a smaller 
radius, and are generally deployed from a central location.  
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The following sections discuss potential biogas utilization pathway in more detail, 
highlighting the advantages, limitations, and the outlook for future development. 
 
Cogeneration	  via	  microturbine	  
Biogas from anaerobic digestion is well-suited as a fuel for electrical power generation 
for two reasons: it can be readily produced, and easily stored in one of three phases 
(uncompressed, compressed, or liquefied).  Most common in the U.S., uncompressed biogas 
can be supplied to a microturbine where it produces renewable energy via an internal 
combustion process and attached electrical generator.  These units can range from a few 
kilowatts to several megawatts, and are often the least expensive biogas utilization technology.  
Neglecting heat capture and use, these units can produce electrical efficiencies between 25-
35%, and produce low greenhouse gas and particulate emissions.  Although carbon dioxide is 
still emitted by the combustion process, engine-generator sets effectively reduce the potent 
greenhouse gases generated from the anaerobic digestion process (e.g. methane and nitrous 
oxide) while also reducing environmental pollutants such as ammonia gas, hydrogen sulfide, 
and other higher hydrocarbons that would have otherwise been released into the environment.   
Utilizing waste heat produced during the combustion process increases the overall 
system efficiency.  In the case of an anaerobic codigestion facility, waste heat can be used in a 
heat exchanger in conjunction with influent pipes to preheat the feedstock prior to entering the 
digestion chamber.  Waste heat can also be used to maintain the mesophilic temperature 
required by most digestion chambers, heat on-site barns, milking parlors, etc.  In most cases 
however, a waste heat surplus exists for two reasons.  First, the facility has lower heat demands 
than supplied by the microturbine.  Second, heat utilization technologies (e.g. absorption 
chillers) are not economically viable for the end-user.  
Despite considerable gains in unit efficiencies, cogeneration plants face competition 
from other biogas utilization technologies such as fuel cells and grid injection. 
 
Vehicular	  Use	  
Biogas, consisting of approximately 60% methane gas, can be purified and upgraded to 
compressed natural gas (CNG; >99% methane gas) suitable for vehicle use [24].  CNG 
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vehicles have several advantageous over traditional gasoline or diesel internal combustion 
engine vehicles such as reduced carbon dioxide and particulate matter emissions.  Furthermore, 
if biogas is purified and upgraded using energy derived from a renewable source, carbon 
dioxide emissions reductions can be as high as 98%.  For example, in New York State, 
centralized biogas upgrade facilities could be located near one of its many hydroelectric or 
nuclear generation facilities, since both of these energy generation sources are considered low-
carbon baseload generators [25].   
CNG vehicles have had considerable market penetration in countries such as Iran, 
Sweden, and Switzerland, where natural gas prices and/or vehicle manufacturing is 
inexpensive (the latter particularly in Iran).  Furthermore, these countries have densely 
populated urban areas with mature public transit infrastructures that are better able to utilize 
centralized natural gas / biogas fueling stations.   
Neither New York State nor the United States as a whole has widespread natural gas 
vehicle fueling infrastructure in place to support such an industry at this time.  Some urban 
areas, notably Washington D.C., are realizing the potential for cleaner burning natural gas 
public transit vehicles, and are beginning to show higher adoption rates of these vehicles [26].  
However, outside of these urban areas, the lack of natural gas fueling infrastructure is the 
largest hurdle to natural gas and biogas fueled vehicles. 
Grid	  Injection	  
Biogas can also be purified, upgraded, and then injected into the existing natural gas 
grid.  This utilization pathway may be more favorable in New York State in the near-term 
because of its well-developed existing natural gas grid, which would make it possible for 
rurally located centralized biogas facilities to distribute renewable biogas fuel to more densely 
populated areas where it can reach new customers via the grid (thus avoiding the need to flare a 
high-energy content renewable fuel).  Due to the relative cleanliness of biogas produced from 
anaerobic digestion, especially compared to landfill gas that is often rich in nitrogen 
compounds, biogas can be consistently purified and upgraded to meet the standards set by 
utilities for grid injection [27].  Although the technology is commercially available, and used in 
many parts of the world, natural gas prices in New York State are near historical lows [28].  
This makes the economic returns of selling biomethane (upgraded biogas) to the grid 
unfavorable, often resulting in lengthy returns on investment.  Furthermore, grid 
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interconnection fees are high in New York State, further exacerbating the issue of economic 
return.  With the potential opening of the Marcellus shale natural gas resources in New York 
State, together with volatile natural gas prices, grid injection likely will not be the most 
attractive biogas utilization pathway in the near future, but could still serve an important role at 
biogas facilities in the U.S. or other countries. 
Fuel	  Cells	  
Although fuel cell technology has not yet gained widespread commercial application, it 
has future potential to become the small-scale power generation source of the future.  Fuel cell 
systems utilize an electrochemical process without direct combustion of fuel to produce 
electricity.  This process differs from traditional electrochemical energy processes such as 
batteries in that fuel cells can operate indefinitely provided the availability of a continuous fuel 
source [29].  Fuel cells are capable of providing efficient power generation because fuel is not 
combusted, thus, there is less waste heat produced with fewer greenhouse gas emissions. 
Fuel cells utilizing waste heat can achieve high efficiencies and low emissions.  Solid 
oxide fuel cells operating at temperatures above 800 °C are well suited for biogas because the 
CO2 portion of the biogas does not inhibit the electrochemical process [30].  Therefore, the 
biogas needs to be scrubbed of pollutants, but not upgraded to a purified form of methane gas, 
before it can be fed into the fuel cell.  Since biogas output at a anaerobic codigestion facility is 
continuous and relatively constant, stationary power sources such as fuel cells are well-suited 
for continuous electricity generation.   
Although fuel cell systems have been under development for many years, they have just 
recently gained traction in the commercial market.  Even with commercial viability, they still 
face a number of formidable barriers to significant market penetration.  System complexities, 
low relative power densities, expensive materials, high capital cost, and the risks of early 
adoption, are all impeding greater penetration into the energy generation market.  Despite these 
barriers, the commercial fuel cell industry is rapidly evolving and may soon be the norm for 
stationary power generation at centralized anaerobic codigestion facilities, or as a mobile 




Key	  policy	  drivers	  for	  anaerobic	  codigestion	  policy	  in	  New	  York	  State	  
 
New York State Governor Andrew Cuomo and other Albany officials realize the 
synergy between a robust dairy and food manufacturing industry, and are actively working to 
expand milk and yogurt production in New York State.  These developments could mean that 
the New York State dairy industry is on the verge of a major turn-around.  In recent years, the 
boom in yogurt demand by consumers is revitalizing a stagnant New York State dairy industry.  
This recent increase in dairy production indicates that New York State must also take a more 
active role in manure management.  New York State Power Authority President Gil Quinones 
recently stated that: 
 
“The New York Power Authority is ready and able to work 
with you (farmers) to build a community of regional 
(anaerobic) digester sites” [31] 
 
With state authorities working with dairy and food industry experts to develop more 
effective manure management strategies, and the New York State Renewable Portfolio 
Standard with an aggressive goal of obtaining 30% of its electricity from renewables by 2015, 
New York State is poised to potentially become the leader in utilizing anaerobic digestion for 
renewable energy generation nationwide [32]. 
Penetration of biogas into the renewable energy market will likely accelerate as the 
logistical uncertainties of feedstock availability, hauling and processing, are overcome and gain 
market acceptability.  As described earlier, the rate of biogas derived renewable energy growth 
into the energy market at the state, national and global scale, is largely dependent on creating 
favorable political and economic conditions for it.  New York State has recognized the 
emerging scientific consensus regarding greenhouse gas emissions and energy independence.   
In reaction, former New York State Governor Paterson issued Executive Order No. 24, 
establishing a goal to reduce greenhouse gas emissions eighty percent by 2050 [33].  New 
York State plans to work collaboratively with the federal government and utility companies 
state-wide to develop and implement plans and policies to achieve the above stated reductions 
by expanding and advancing energy efficiency programs and renewable energy projects.  This 
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executive order has also led to the creation of an Energy Efficiency Portfolio Standard in an 
effort to reduce the State’s overall electricity consumption by 15% by 2015, complimenting the 
State’s Renewable Portfolio Standard [33].  New York State’s Renewable Portfolio Standard 
was adopted in 2004, and has a renewable target of 29% of the state electricity consumption by 
2015 [34].  Excluding conventional hydroelectricity generation, renewables only accounted for 
less than 4.8% of the net electricity generation in New York State [35].  However, since 
conventional hydroelectricity is considered an eligible technology as part of the Renewable 
Portfolio Standard, the 18.4% of hydroelectric power generated in 2012 must also be included.  
Therefore, a total of 23.2% of the net generation came from eligible renewable technologies, 
meaning a 6% incremental requirement of new eligible resources must be procured by 2015 to 
meet this target amount.  While a major part of the new renewable energy will be derived from 
solar and wind technologies, anaerobic digestion utilizing existing waste resources has 
















Chapter	   3:	   Evaluation	   of	   Existing	   Operational	   Anaerobic	   Digestion	  
and	  Codigestion	  Facilities	  
 
United	  States	  Evaluation	  
The AgStar Program of the United States Environmental Protection Agency is 
responsible for permitting and reporting on farm-based anaerobic digestion facilities across the 
U.S.  New anaerobic digestion projects have been steadily rising since the early 2000’s, and a 
total of 192 operational anaerobic digestion facilities were reported in September 2012 (Figure 
3) [23].  A majority of these digester projects were designed specifically for and digest only 
animal manure, however, 65 of them codigest manure and with another organic feedstocks 
(e.g. cheese whey, paper sludge, glycerin, food processing waste, etc.) to increase biogas 
production. 
Of the 192 operational facilities, 178 generate thermal or electrical energy from the 
biogas produced by the digester [23].  Total electricity production from these facilities in 2012 
was approximately 586 GWh, while grid injection, boiler projects, and other energy generation 
projects contributed an additional 55 GWh equivalent in 2012 [36].  These 192 biogas facilities 
combined prevented the direct emissions of approximately 62,000 metric tons (MT) of 
methane in 2012; converting this value to carbon dioxide equivalents results in over 1.3 million 
MT CO2 equivalent [36].  These reductions are equivalent to the annual electricity use of 
approximately 195,000 average U.S. homes [37]. 




Figure 3.  Annual count of anaerobic digester projects in the United States in September 2012, 





Figure 4.  Total energy production from anaerobic digesters in the United States in September 
2012 (Numbers represent total annual energy production in MWh equivalent), U.S. 
Environmental Protection Agency [23]. 
 
New	  York	  State	  Evaluation	  
Similar growth patterns for anaerobic digestion facilities are also evident in New York 
State, with steady growth through the 2000s, totaling 26 operating projects in 2012 (Figure 5) 
[23].  Of these 26 operational digester facilities, 25 are on dairy farms, and one is on a duck 
farm.  Figure 6 shows the spatial distribution of on-farm digestion facilities in New York State.  
The 25 dairy-based digesters have a feeding population (number of dairy cows; milking and 
heifers combined) of approximately 33,400 cows, which represents only 5% of the total dairy 
cow population in New York State in 2012 [36, 38].  The total installed capacity of the 25 
dairy-based operational digesters was 7.175 MW, and produced 53,134 MWh of electricity in 




Figure 5.  Annual count of anaerobic digester projects in New York State since 1998 [23]. 
 




Biogas	  utilization	  in	  the	  United	  States	  and	  in	  New	  York	  State	  
Biogas utilization is an important economic consideration for determining the 
feasibility of an anaerobic digestion system.   Many of the digesters that generate electricity via 
an internal combustion engine and generator combination also capture waste heat for various 
farm uses in addition to heating the digester.  A 2012 summary of the biogas utilization 
pathways at U.S. anaerobic on-farm anaerobic digestion facilities is shown in Table 5.  Table 6 
shows a subset of the biogas utilization pathways at the 25 operational anaerobic digestion 
facilities in New York State as of 2012. 
Table 5.  Biogas utilization pathways for the anaerobic digestion projects in the United States 
in 2012 [36]. 
Utilization Pathway Number of Digestion Projects* 
Percent of 
Digester Projects (%) 
Cogeneration 91 41.6% 
Electricity 83 37.9% 
Boiler / furnace fuel 26 11.9% 
Flared full time 12 5.5% 
CNG Production 12 2.7% 
NG grid injection 1 0.5% 
Note: some farms have multiple biogas utilization pathways, thus the project totals sum is 
greater than the total number of operational projects in 2012 
 
Table 6.  Biogas utilization pathways in New York State as of 2012 [36]. 
Utilization Pathway Number of Digestion Projects* 
Percent of 
Digester Projects (%) 
Cogeneration 11 42.3% 
Electricity 9 34.6% 
Flared full time 4 15.4% 
Boiler / Furnace Fuel 2 7.7% 
Note: some farms have multiple biogas utilization pathways, thus the project totals sum is 





Chapter	   4:	   Evaluation	   of	   New	   York	   State	   Dairy	   and	   Food	  
Manufacturing	  Waste	  Feedstock	  Availability	  in	  New	  York	  State	  
 
Background	  
The stable and efficient operation of anaerobic digester systems relies on the mutually 
dependent relationships between microbes and their specific substrate metabolic pathways.  
Detailed studies have been conducted to investigate the static and dynamic structure of 
microbial communities in anaerobic digesters as a function of digester performance [39].  
Despite the unavoidable perturbations that occur in real-world anaerobic digestion systems, 
microbial communities must exhibit robustness to maintain efficient bioenergy production with 
varying feedstock composition.  Furthermore, operating an anaerobic digester on food waste 
alone can be risky due to the potential shocking of microbial communities with widely variable 
energy content of high strength feedstocks.  Therefore, a comprehensive assessment is needed 
to understand how various feedstock blends will affect microbial community structure, and 
thus overall digester stability and productivity.   
Although there is broad worldwide interest in anaerobic digestion technology, the 
potential economic and environmental benefits vary geographically, due to the availability of 
local feedstocks, natural gas and electricity pricing, regulations and associated costs of 
disposal, etc.  Furthermore, the capital costs of anaerobic digestion facilities are often too high 
for small to medium sized dairy farms and food processors.  Thus, creating a regional waste-to-
energy consortium integrating the organic waste generated by New York State dairy farms with 
food manufacturing facilities into a waste-to-energy process for renewable energy generation 
has grown increasingly more popular.  In fact, the first codigestion facility specifically 
designed for digesting mixed food wastes with dairy manure became operational December 31, 
2012 (Synergy Biogas, LLC), and has since set the precedent for future expansion of the 
codigestion industry in New York State and abroad.  While this study focused specifically on 
New York State, the methods described below are also applicable to other domestic or 




Scope of Project 
The scope of this project was to: 
1. Characterize the food processing waste generated in New York State, in terms 
of the waste volumes available and their properties, and thus quantify the 
potential environmental benefits of waste-to-energy conversion via waste 
diversion and renewable energy generation 
2. Validate operation of a lab-scale anaerobic digester, to enable investigation of 
biogas production from organic food processing wastes 
This chapter presents the results from: 1) an in-depth assessment of the statewide 
manure and food manufacturing waste resource availability and proximity for quantification of 
the potential environmental benefits of WtE conversion, and 2) data obtained by producing and 
analyzing biogas from the laboratory-scale anaerobic digestion systems for variations in biogas 




Although dairy cow manure collection systems vary depending on the animal housing 
system, most large dairy operations collect manure slurry using a scraper system and 
temporarily store it in large collection vessels.  Some dairy operations allow cows to spend 
long periods of time grazing in fields, where manure is scattered and not practical to collect.  
Therefore, only data from concentrated animal feeding operations (CAFOs) were considered in 
this study.  The New York State dairy industry CAFO list (updated in 2010) was obtained from 
the New York State Department of Environmental Conservation (NYSDEC) and contained 
information for each farm name, operator, address and dairy herd size [40]. 
High strength food manufacturing wastes are considered suitable for codigestion with 
dairy manure because of their uniform composition, relative abundance, low contamination 
rate (because they come from the highly regulated food manufacturing industry) and similar 
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chemical characteristics to manure [41] a.   
Not only is the spatial distribution of food processors in New York State relative to 
CAFOs important, but also the chemical characteristics of wastewater generated by these 
facilities.  Quantification of food manufacturing firm’s wastewater discharge volume and 
composition was conducted through FOIL requests to each of New York State’s 62 counties.  
For each food manufacturing firm identified, the name, location, annual wastewater discharge 
volume and wastewater composition, including biological oxygen demand (BOD) and total 
suspended solids (TSS), were requested.  This survey specifically targeted food manufacturers 
discharging high-strength wastewater for two reasons.  First, the water content of food 
manufacturing wastewater can change seasonally and may be influenced by operational 
conditions.  Including low organic content substrates into an anaerobic digestion system would 
not only increase the digester volume, but also raise the heat energy input per cubic meter of 
wastewater required.  Thus, it does not make economic sense to transport large quantities of 
low strength wastewater from food manufacturing facilities, so it was important to identify and 
categorize these waste generators separately.  Secondly, food processors discharging high 
strength wastewater have greater incentive to divert waste from existing waste disposal 
methods to avoid paying the high surcharges associated with high strength wastewater 
disposal.   
The locations of CAFOs and on-farm anaerobic digesters currently operating in New 
York State were analyzed using Microsoft MapPoint imaging software to model their relative 
geospatial distributions [42].  This modeling technique was also applied to food manufacturing 
operations identified via FOIL requests to model their geospatial distribution relative to 
CAFOs, dairy farms, and operational digestion facilities in New York State.  This modeling 
technique is critical to future economic analyses since the economic feasibility of on-farm 
codigestion will largely depend on the proximity of organic feedstock resources. 
Biogas energy potential of New York State dairy CAFO population 
This analysis began by considering the total number of CAFO dairy cows in New York 
State [40].   This value was then converted to cow units, defined as 1000 kg of live cow weight 
                                                            
a Although each individual county sets different standards for how they define “high-strength” 
wastewater, this term is used in the present work to indicate waste streams containing enough. 
organic content to be economically viable for waste-to-energy conversion processes [41]. 
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(assuming the average dairy cow weighs 640 kg) expressed by ηm and ηh for mature milking 
cows and dairy heifers, respectively [10].  Chastain et al. [43] reported the average annual 
biogas energy values (based on an 84% volatile solids reduction rate) expressed by ρm and ρh 
for mature milking cows and dairy heifers, respectively.  The values for ρm and ρh are 
expressed in terms of BTUs per cow-unit per year, as shown in Table 7.  The values of ρm and 
ρh from the Chastain et al. [43] report represent the raw energy value, which can be converted 
to kWh using the conversion factor, 2.931 * 10-4 kWh / BTU, and a biogas-to- electricity 
conversion efficiency, denoted β.  The biogas-to- electricity conversion efficiency used for this 
analysis ranged from 35-40%, representing typical biogas-to-electricity conversion efficiencies 
for most large engine-generator sets and microturbines not capturing thermal energy with a 
combined heat and power system [44].  The total electricity (Ebm) in kWh generated from 
manure-based biogas is a function of f(η(m,h), ρ(m,h), β) where the upper and lower β values are 
used to adjust for the biogas-to-electricity conversion efficiency rates, as shown in Equation 1 
below. 
𝑬𝒃𝒎[𝒌𝑾𝒉/𝒚𝒓] = 𝜷[(𝜼𝒎𝝆𝒎 + 𝜼𝒉𝝆𝒉)(𝟐.𝟗𝟑𝟏 ∗ 𝟏𝟎!𝟒
𝒌𝑾𝒉
𝑩𝑻𝑼
)]                 (1) 
 





Biogas energy / 
cow-unit year 
(million BTU) 
Biogas energy / 
year (trillion 
BTU) 
Biogas energy / 
year (kWh) 
Mature milking cows 193.5 16.57 3.2 9.4 x 108 
Dairy heifers 147.6 18.65 2.8 8.2 x 108 
Total 341.1 
 
6.0 17.6 x 108 
 
 
Biogas energy potential of New York State food manufacturing waste 
Research funded by the United States Environmental Protection Agency at the East Bay 
Municipal Utility District (EBMUD) in Oakland, California, found that the average quantity of 
methane generated per kilogram of food waste-derived total solids (TS) digested anaerobically 
was 0.4526 m3 CH4 / kg TS, denoted, γf [14].  The EBMUD facility reported that 
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approximately 10% of the total TS mass was discharged into the waste stream, therefore 
resulting in a 90% TS-to-biogas conversion efficiency, denoted τf.  The total annual mass of 
food manufacturing-based TS, denoted σf [kg / yr] was calculated using the food manufacturing 
wastewater discharge data obtained via FOIL requests.  To calculate the energy content of 
methane gas in terms of kilowatt-hours per volume, the lower volumetric energy density of 
pure methane gas (35.87 MJ / m3 at standard conditions) was converted to kWh using the 
conversion factor, 3.6 million J / kWh, resulting in a value of 9.96 kWh / m3 CH4 [45].  The 
values for the biogas–to-electricity conversion efficiency (β; assuming 35- 40% conversion 
efficiency, as above) were used to calculate the total electricity (Ebf) in kWh generated from 
liquid-phase food manufacturing waste-derived methane gas as a function of f(τf, σf, γf, β), as 
shown by Equation 2 below. 
𝑬𝒃𝒇[𝒌𝑾𝒉/𝒚𝒓] = 𝜷[(𝝉𝒇𝝈𝒇𝜸𝒇)(𝟗.𝟗𝟔  𝒌𝑾𝒉/𝒎𝟑𝑪𝑯𝟒)]               (2) 
 
Biogas energy potential of FOG wastes 
Fats, oils and grease (FOG) show considerable potential to increase biogas production 
when codigested with other organic matter.  The primary organic components of FOG are 
triglycerides and glycerol esters of fatty acids.  Many of the microbes present in anaerobic 
digestion systems readily degrade FOG into acetate and other short-chain carbon volatile acids, 
which are then converted to methane by acetogenic methanogens.  Suto et al. [15] wrote one of 
the seminal papers investigating the effects of FOG feedstocks on anaerobic codigestion 
systems.  Their primary objective was to optimize the long chain fatty acid degradation process 
in order to optimize biogas production.  These results were then used to determine the upper 
limit at which FOG can be blended with other organic feedstocks in an anaerobic codigestion 
process.  Suto et al. [15] concluded that codigestion of FOG is viable at proportions of up to 
35% total FOG by volume, with increased biogas production by 17- 108%.  However, they 
also concluded that while the organic fraction of FOG considerably increased biogas 
production in the anaerobic digestion system, caution should to be exercised to maintain a 
stable microbiological community for optimized biogas production.  For example, one of the 
byproducts associated with the biodegradation of FOG are long chain fatty acids (LCFA).  
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LCFAs are inhibitory to the digestion process at high concentrations because they interfere 
with the facilitation of minerals and nutrients through the cell wall / membrane of 
methanogenic bacteria in the digestion system [46]. Their findings provided a greater 
understanding of the enhancement and inhibitory properties of FOG degradation in an 
anaerobic codigestion system.   
The total mass of FOG waste delivered to a single wastewater treatment facility located 
in Monroe County, New York, was quantified by filing a FOIL request to the County Clerk 
requesting the name and location of companies within Monroe County, NY, paying surcharges 
for the disposal of FOG waste into the Van Lare Wastewater Treatment Plant (Rochester, New 
York) from 2009 through 2012.  These wastes were denoted Ωfog [gal / yr] and were used to 
estimate the total methane and electricity generation potential of FOG in an anaerobic 
codigestion facility. 
Characterization of available FOG waste was the first and essential step to estimating 
the methane and electricity generation potential of FOG wastes in an anaerobic codigestion 
system.   Suto et al. reported that the volatile solids (VS) content in FOG was between 0-20% 
by volume and averaged 4% by volume, depending on the source of the FOG feedstock [15] b.  
Personal communication with Synergy Biogas, LLC (a large anaerobic codigestion facility in 
Wyoming County, New York) revealed that the FOG feedstocks received by this facility have 
between 12-16% TS, and a VS / TS ratio of 90% (Table 8) [47].  Thus, these two data points 
were consistent with each other and were used for the remainder of this analysis to estimate 
methane and electricity generation potential via anaerobic codigestion of FOG feedstocks with 
dairy and food manufacturing waste feedstocks.   
Here we assumed that the VS were converted to methane at 90% efficiency, denoted 
θfog [14].   Synergy Biogas, LLC, indicated that co-digesting FOG at this facility produces 9.6 
m3 CH4 / lb VS, denoted κfog when blended with dairy manure and other food-based feedstocks 
[47] c.  To calculate the energy content of methane gas in terms of kilowatt-hours per volume, 
we again used the lower volumetric energy density of pure methane gas (9.96 kWh / m3).   We 
also assumed a methane-to-electricity conversion efficiency of 35-40%, denoted β, for 
                                                            
b For the purpose of this study, it was assumed that the feedstocks being used for codigestion 
would have a total solids (TS) and VS content of at least 1% in order to be viable feedstocks.   




quantifying the electricity generation potential from FOG waste-derived methane gas.  
Applying these values to Equation 3, we could estimate the electricity potential (Ebfog) from 
FOG-derived methane gas produced via anaerobic codigestion of FOG and other organic 
feedstocks.  
 
𝑬𝒃𝒇𝒐𝒈[𝒌𝑾𝒉/𝒚𝒓] = 𝜷[𝜽𝒇𝒐𝒈𝜴𝒇𝒐𝒈𝜿𝒇𝒐𝒈(𝟗.𝟗𝟔  𝒌𝑾𝒉/𝒎𝟑𝑪𝑯𝟒)]         (3) 
 
Table 8.  FOG characterization values from two sources showing variation in FOG 
composition  [15, 47]. 
 
* Suto et al. [15] noted that some FOG wastes have 0% TS and 0% VS in them, 
however, a value of 1% was used in order to avoid an electricity generation estimate via 
anaerobic digestion of 0 kWh. 
 
Regional survey of Brooklyn borough brewery and food manufacturing industries 
 The New York brewing and distilling industry has grown enormously over the past few 
decades, with facilities ranging from small-scale microbrewery and distillery facilities, to one 
of the largest in the nation: the Anheuser-Busch brewery facility in Baldwinsville, NY [48].   
The nature of the brewery and distillery industry has recently transformed from smaller 
facilities, to newer and larger facilities with greater output capacity (due to economics of 
scale).  This trend in larger facilities creates fewer, but more concentrated pockets of 
substantial waste sources across New York State.  These high-volume, high-strength wastes 
result in waste management and pollution abatement issues to facility operators.  Increasingly 
stringent wastewater and solid waste disposal regulations have not only made brewery and 
distillery wastes a serious problem, but also an expensive one.  Many of these facilities are 
paying large annual waste disposal fees.  
 This inspires us to rethink the definition of “waste”.  As in nature, waste generation 
from one organism becomes the food for another organism.  Applying this simple industrial 
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ecology concept to the brewery and distillery waste issue, we realize that their high-volume, 
high-strength organic “waste” is also well-suited for feedstock in an anaerobic codigestion 
system.   
The purpose of this survey was to conduct a thorough assessment of the Brooklyn-
region brewery, distillery, and food manufacturing waste volumes potentially available for 
codigestion at a proposed anaerobic codigestion facility in the Brooklyn Navy Yard.  Secondly, 
this study sought to better understand the financial burdens of brewery, distillery, and food 
manufacturing waste disposal that are incurred by their respective operators.  The data 
collected from this study were gathered via the efforts of a sustainability consultant making 
site-visits and sending surveys to all of the brewery, distillery, and food manufacturing 
facilities in the immediate Brooklyn area. 
 
Laboratory anaerobic digestion analytical analysis 
Experimentation using unique laboratory-scale anaerobic digestion units was conducted 
to empirically investigate the biogas generation potential of high strength food manufacturing 
wastes such as those identified in this assessment.  The bioDrill TS-AD200 anaerobic digestion 
unit was delivered early in the test program to RIT’s Golisano Institute for Sustainability.  This 
unit was used to understand the biochemical and microbial interactions affecting the energy 
potential for codigestion of dairy manure and food manufacturing waste, and how different 
blends of each feedstock affect biogas quantity and quality.  However, technical difficulties 
made biogas production measurements difficult, and thus a second bench-scale apparatus was 
used in place of the bioDrill unit to quantify biogas production potential values.  A modified 
bioDrill unit was delivered during August 2012, and was used in addition to the bench-scale 
digester apparatus.  Laboratory analyses also helped identify any inhibitory effects that may 
occur in the digestion process while discerning the optimal blending quantities of manure and 
food manufacturing waste feedstocks, based on their chemical compositions that maximize 
biogas production. 
The first experimental setup consisted of two 500 mL Erlenmeyer flasks operated at 
mesophilic temperatures (~35 °C) and at a 5-day mean cell residence time (Figure 7).  To 
maintain the desired mesophilic temperatures, the Erlenmeyer flasks were insulated with 2 
layers of aluminum foil, placed into a water bath, and then set onto a stirring hot plate to 
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prevent thermal stratification (Thermo Fisher Scientific, Waltham, Massachusetts, USA).  The 
flasks were continuously stirred at 50 rpm using the built in magnetic stirring unit, and 
outfitted with two-hole silicone stoppers to allow for feedstock input / extraction and biogas 
collection via two separate silicone hoses.  The digesters were started using fresh dairy manure 
obtained from Synergy Dairy, LLC (Wyoming County, New York, USA).  Biogas volumes 
produced by these bench-scale digesters were measured via inverted graduated cylinders of 
varying sizes depending on expected biogas production rates, and the digester fluid was 
measured for pH ex-situ using a Oakton 110 portable pH meter. 
 
Figure 7.  Erlenmeyer flask anaerobic digester setup, showing stirring hot plates (below) and 
inverter graduated cylinders for biogas production rate measurement. 
The second experimental setup used for this analysis was the bioDrill TS-AD200 
anaerobic digester (Figure 8).  This unit has a working capacity of 15 L and an external 0.6 L 
capacity gas collection chamber. The digestion unit is fitted with multiple fluid and gas 
sampling ports, a magnetically-driven stirring system, and a heating element to maintain the 
fluid temperature within the desired pre-programmable mesophilic range, ± 2 °C.  The 
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methanogenesis vessel contains a biofilm polypropylene structured media reef with a specific 
surface area of ~101 ft2 / ft3 of material to facilitate bacterial attachment and growth.  The two-
phase design of the bioDrill TS-AD200 is designed specifically to improve reactor stability, 
particularly when digesting rapidly hydrolysable materials such as high sugar content food 
manufacturing wastewater.  Two-phase systems also provide protection against the 
biochemical conversion process involving volatile fatty acid (VFA) production rates 
proceeding at a faster rate than the reaction rate of VFAs to methane gas.  Therefore, the 
material passing from the hydrolysis to methanogenic phase averts the imbalance between the 
two processes, thus promoting a more stable and efficient biogas production environment.  The 
effects of exogenous factors causing reactor instability, such as fluctuations in the organic 
loading rate or substantial heterogeneity of wastes, are all lessened within two-phase systems. 
 
Figure 8.  bioDrill TS-AD200 two-phase laboratory-scale anaerobic digestion unit. 
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Raw manure samples were collected at Synergy Dairy, LLC, in two 5-gallon buckets 
directly from the manure collection trough and fed into the Erlenmeyer flask and bioDrill 
digestion units without any chemical pre-treatment.  The food waste evaluated during this 
study was chosen to be a representative sample of the wastes generated by the food 
manufacturing facilities identified via FOIL requests in the earlier parts of this study.  Thus, 
tomato’s and potatoes were the two food-based feedstocks considered in this study.  
Mechanical pre-processing included: screening to remove any large indigestible particles and 
grinding to reduce the particle size for greater biodegradability.  The blended material was then 
mixed with enough water to allow it to flow through a ¼” feeding tube as part of the 
Erlenmeyer flask apparatus.   
Biogas samples were analyzed using a Sewerin MultiTec 540 gas measuring device 
(Sewerin USA LLC, Pennsauken, NJ, USA) capable of analyzing CH4, CO2, H2S and O2 gas 
compositions simultaneously.  Since the biogas generated in the bioDrill TS-AD200 digestion 
unit was collected in a biogas chamber, connecting the Sewerin device in-line and then 
manually venting the collection chamber enabled easy measurement of biogas composition.  
The biogas collected in inverted graduated cylinders via the Erlenmeyer flask apparatus were 




Dairy manure electricity production potential 
 Dairy manure is an abundant source of organic matter for use in anaerobic 
digesters.  As of 2007, there were over 626,000 milk cows on 5,683 dairy operations in 
New York State [38].  In 2010, the New York Department of Environmental Conservation 
permitted 452 dairy CAFOs in New York State with a total of 532,987 dairy cows [40].  
Their spatial distribution in New York State can be seen in Figure 9.  Based on these 
estimates, over 85% of New York State’s dairy cows are on CAFOs, implying a 
concentration of manure feedstocks in specific locations across the state. The American 
Society of Agricultural Engineers estimates that a typical 640 kg dairy cow generates 55 kg 
manure per day [10].  Therefore, the total manure generated by dairy cows on CAFOs in 
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New York State is estimated to be approximately 11 billion kilograms in 2010, indicating a 
significant potential energy source.  
Although not practically feasible, if all of the manure from dairy CAFOs were 
collected and processed in an anaerobic digestion system, and converted to electricity at 
average efficiency β = 37.5%, approximately 656.0 million kWh of electricity could be 
generated (Table 9).  For reference, in 2010, the New York State electricity generation 
industry had a net electricity generation of 137 billion kWh, 28 billion kWh of which came 
from renewable energy generation sources (including conventional hydroelectric) [49,50].  
Thus, the 656.0 million kWh of renewable electricity generated at β = 37.5% would 
account for 0.48% and 2.34% of the total annual electricity generation and renewable 
electricity generation at present time in New York State, respectively.  This biogas-based 
renewable energy generation potential is equivalent to the average residential electricity 
consumption of approximately 62,000 households in the New England region [51]. 
 







Figure 9.  2010 spatial distribution of CAFOs and food manufacturing facilities in New 
York State. 
 
Liquid food waste electricity production potential 
Of the 62 counties in New York State, a total of only 8 provided us with data with 
respect to that requested by the FOIL requests.  From these 8 counties, a total of 35 food 
manufacturing facilities discharging high-strength wastewater into the POTWs were 
identified throughout New York State via FOIL requests.  Their spatial distribution relative 
to CAFOs is also shown in (Figure 9).  County-level data for each food manufacturing 
facility in its respective county is summarized in Table 10.  In total, these 35 facilities 
discharge an estimated 788 million gallons of wastewater annually, containing 
approximately 1.38 million kg of total solids (TS), as summarized in (Table 11).  Using 
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Equation 2 the cumulative mass of TS from the 35 food manufacturing facilities would 
generate on average 2.1 million kWh of electricity; equivalent to the average residential 
electricity consumption of approximately 200 households in the New England region 
(Table 12) [51].  It should be noted that this seemingly modest renewable energy potential 
is based on what we believe to be a very small subset of the total food manufacturing 
organic waste available in New York State.  Our initial analyses included only liquid-phase 
waste data that were accessible through the FOIL process, and therefore did not include 
waste in areas where POTW facilities are not available, or where high-strength waste 
surcharges are not applied (notably in the New York City region).  Also, some large food 
manufacturing facilities (not identified in this thesis) already utilize waste-to-energy or 
other waste management conversion processes or field spreading for liquid-phase wastes.  
Moreover, this analysis does not consider any solid-phase waste that is currently disposed 
of in landfills or field spread on farms.  The County-specific data in Table 10 through Table 
12 correspond to a combined population of approximately 4.7 million, about 24% of the 
New York State total (19.4 million).  
 Furthermore, quantifying solid- and liquid- phase waste volumes available for 
waste-to-energy conversion via anaerobic codigestion represents an area of significant 
future research opportunity.  This is especially true in New York State in light of the 
current growth of food-related industries, most notably the yogurt, beer and wine 
industries.  The rapid growth of these industries in combination with the extensive apple, 
milk, and cheese industries makes for considerable potential for anaerobic codigestion 









Table 10.  Distribution of high strength food manufacturing wastewater discharges into 
wastewater treatment facilities by county-level obtained via statewide FOIL requests. 
ϕ = Firm having two points of discharge into the POTW; σ = combined wastewater surcharge from #4.1ϕ and 
#4.1ϕ; N/A = data not obtained via FOIL requests. 
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Table 11.  Summary of county population data liquid-phase food manufacturing wastes 
identified via FOIL requests (New York State total population = 19.6 million people) [52]. 
 
 
Table 12.  Summary of electricity generation potential on the county level from New York 






FOG waste electricity production potential 
A total of 13 firms discharging FOG waste into Van Lare Wastewater Treatment 
Facility (Rochester, New York) between 2011 and 2012 were identified throughout 
Monroe County, New York, via FOIL requests.  Since the collection of FOG waste occurs 
at various locations throughout Monroe County, their spatial distribution could not be 
identified as it was for the dairy manure and food manufacturing waste feedstocks.  
County-level data for each FOG discharging firm is summarized in Table 13.  In total, 
these 13 facilities discharged approximately 1.31 million gallons of FOG between 2011 and 
2012.  
Using Equation 3 and the FOG composition data from the Suto et al. paper [15], the 
biogas produced via anaerobic digestion of the cumulative mass of volatile solids (VS) 
from the thirteen FOG discharging firms could have generated approximately 1.42 million 
kWh of electricity, equivalent to the average residential electricity consumption of 
approximately 135 households in the New England region [51].  If we apply Equation 3 
and the FOG composition data from our personal communication with Synergy Biogas, 
LLC., the cumulative mass of VS from the 13 FOG generating facilities could have 
generated approximately 4.47 million kWh of electricity; equivalent to the average 
residential electricity consumption of approximately 424 households in the New England 
region [15, 47].  Thus, it is clear that the composition of this FOG collected for codigestion 
is an important factor for estimating biogas production potential.  Establishing a reliable 
method for analyzing FOG composition onsite will be important to understanding the 
biogas production potential in the codigestion system. 
It is important to note that this modest renewable energy potential is based on data 
collected from only one wastewater treatment facility in one county in New York State.  
Across New York State are over 600 wastewater treatment facilities, ranging in size from 
the vast systems that process New York City municipalities at over 1.3 billion gallons of 
wastewater per day through 14 facilities, to small village processing as little as 100,000 
gallons per day [53].  Thus, a more comprehensive assessment of this statewide FOG waste 
survey is necessary in order to more accurately assess the potential integration of this waste 
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stream into centralized codigestion facilities statewide.  The Monroe county-specific data 
corresponds to a county population of approximately 744,000 residents, about 4% of the 
total New York State population (19.4 million).  Simple scaling based on population would 
suggest statewide electricity generating potential from FOG of up to 112 million kWh, or 
enough to power approximately 10,600 households in the New England Region [51]. 
 
Table 13. FOG discharges into Van Lare Wastewater Treatment Facility 2011-2012 
(Rochester, NY)**. 
 









Brooklyn brewery, distillery, and food manufacturing organic waste availability 
assessment results 
 
The brewery and distillery waste data from three breweries, four distilleries, and 
eleven food manufacturing facilities are given in Table 12.  The data presented in this visit 
were collected during multiple site visits, supplemented by numerous written and verbal 
communications with the facility operators [54].  These results demonstrate the large mass 
of waste produced from a limited number of sources in a densely concentrated area (< 5 
mile radius) that would be potentially available as feedstocks for an anaerobic codigestion 
system.  In 2012, the three breweries identified in the Brooklyn area produced greater than 
15 million pounds of spent grain- a substrate the consistency of applesauce that is most 
often disposed of in landfills, as it cannot flow through typical wastewater drains. 
The distilleries surveyed in this analysis produce waste ethanol in addition to spent 
grain.  One distillery reportedly produced 300,000 lbs of spent grain (also called wort), 
while the other three distilleries reportedly produced a cumulative total of approximately 
1,200 gallons of ethanol byproduct in 2012.   
A total of eleven food manufacturing facilities were identified in Brooklyn 
disposing of large quantities of solid organic waste to landfills, as shown in Table 15.  In 
2013, these eleven food manufacturing facilities generated approximately 10.2 million 
pounds of solid organic waste, all of which is currently hauled to landfill for disposal.  
Consistent with the Brooklyn brewery survey results, a large mass of food manufacturing 
waste generated in a densely concentrated further accentuates the potentially available 
feedstocks for an anaerobic codigestion system.   
Figure 10 shows a map with the locations of each brewery, distillery and food 
manufacturer identified in this survey.  The white triangle represents the Brooklyn Navy 
Yard, the location for the proposed centralized anaerobic codigestion facility.  As evident 
by Figure 10 and Table 15, each of these facilities are located less than 5 miles from the 






Figure 10.  Map of brewery, distillery and food manufacturing locations with respect to the 
Brooklyn Navy Yard, Brooklyn, New York, 2012 data. (white balloon = food 



































BNY / Route# 





volume in 2014 
Grain Haul to dairy farm upstate 
$35 / 1,500 lbs; 
totaling ~$75,600 
/ year 
< 2 miles using 
local streets 




40% in 2013 
Grain Waste hauled to landfill 
Hauling costs of 
$0.10 / lb; 
totaling 
~$690,000 / year 
< 3.5 miles 
using local 
streets 
Brewery #3 3,240,000 lbs / year 
Company has 
limited production 
space and most 
likely unable to 
increase output 
Grain Waste hauled to landfill 
Hauling costs of 
$0.10/lb; totaling 
~$259,000 / year 




Street) not I-278 
(BQE) 
Distillery #1 300,000 lbs / year 
Company was 
started in early 
2012 and ramping 








indicated that the 
disposal cost 
account for 1/3 of 
total Cost of 
Goods sold 
(COGS) 
< 3.5 miles 
using local 
streets 





to landfill ~$10,000 / year 
<  4 miles using 
local streets 





to landfill ~$5,000 / year 
< 4 miles using 
local streets 
(Court Street) 









~$5,000 / year  < 1 mile 
* wort consists of crude protein, crude fiber, calcium, phosphorus, calculated total digestible nutrients, net 
energy lactation 
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$850,000/year 4 miles 
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Analysis of dairy manure and food-based feedstocks in laboratory scale anaerobic 
digesters 
 
Two different feedstock blends were digested in the flask apparatus for this 
analysis: one containing 100% dairy manure, the other containing a 50:50 blend of dairy 
manure and representative feed waste.  The third scenario consisted of 100% dairy manure 
being digested in the bioDrill unit (Figure 13).  Figure 11 through Figure 13 show the 
cumulative biogas production for the three different scenarios in this analysis.  From Figure 
11, it can be seen that raw manure feedstock generated biogas at a steady rate over the 5-
day period of time it was allowed to digest.  Biogas production of 100% dairy manure was 
18.4 mL / hr and 17.0 mL / hr for Flask 1 and Flask 2, respectively (Figure 11).  
Experiments with 100% raw dairy manure were conducted to collect baseline information 
that could be used to compare with the biogas production from codigestion of blended 
food-based and dairy manure feedstocks. 
The digestion trial containing a 50:50 blend of dairy manure and tomato / potato slurry 
slurry showed greater biogas production values over the 5-day digestion trial.  From  
Figure 12 it can be seen that the dairy manure blended with tomato waste showed a 
slight upward trend, however, the experiment was only conducted for 5 days.  Biogas 
production at the 50:50 blend of dairy manure and tomato / potato pulp was 21.8 mL / hr, 
while the control flask (Flask 1) containing raw dairy manure only had a biogas production 
rate of 18.2 mL / hr.   
Figure 13 shows the biogas production in the bioDrill TS-AD200 laboratory scale 
anaerobic digester over the course of a 5-day experimental period with 100% dairy manure 
feedstock.  It was evident that of the three digestion trials conducted in this study, the 
bioDrill TS-AD200 apparatus yielded the highest biogas production rate at 26.3 mL / hr.  
However, since the maximum biogas production rate is not the ideal criterion to use for 
identifying the optimum operational conditions, other parameters must be considered in 
future studies when greater experimental time exists to conduct long-term trials.  Maximum 
biogas production rates often do not necessarily result in long-term process stability since 
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they frequently occur at lower pHs and higher organic loading rates.  Thus, the biological 
stability is determined by a number of factors, each of which affects biogas production and 
must be considered when choosing the optimal biogas production strategy.   
The methane concentration for each digester type ranged from 48% to 58% 
throughout this period.  Some uncertainty exists with these data because the biogas was 
combustible throughout the experimental period, but it is known that the minimum biogas 
concentration for combustion is  ~55%.  Also note that a 5-day digestion period might not 
be enough to produce complete digestion, thus, the cumulative biogas production may have 
still been on the rise at the conclusion the 5-day period.  Careful observation of each 
digestion trial showed that biogas production rates during the first 1- 2 days were lower 
than those of days 3- 5, indicating that biogas production ramps up with time (Figure 11 
through 13).  Thus, extending the trial periods to a length greater than 5 days would be 
necessary to determine the true cumulative biogas production of a given feedstock. 
 
 
Figure 11. Cumulative biogas production over 5-day period using dairy manure feedstock 





Figure 12. Cumulative biogas production over a 5-day period using dairy manure 





Figure 13. Cumulative biogas production over a 5-day period using dairy manure 
feedstock in the bioDrill TS-AD200 anaerobic digester apparatus. 
 
Conclusions and Future Work 
The results of this assessment make considerable contributions to the existing body 
of literature in the field of anaerobic codigestion potential by quantifying the renewable 
energy generation potential for codigesting dairy manure and food manufacturing 
wastewater in New York State by providing an alternative organic waste management 
scenario for farm operators and food plant operators.  The work done in this section of the 
thesis identified significant volumes of high-strength organic wastes potentially available 
for codigestion in centralized facilities.  Although this work has contributed significantly to 
the codigestion literature, the biggest challenge faced was actually acquiring all of the 
wastewater data from across the state.  This is perhaps the single largest barrier to 
codigestion within New York State.  This work has established a baseline methodology not 
only for acquiring the data, but also disseminating the information in the form of published 
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papers, this thesis, as well as future databases maintained by students and staff at the 
Rochester Institute of Technology.  
This thesis provides a first-order assessment of waste-to-energy conversion via 
anaerobic digestion, and continuation of this assessment is needed to provide better 
quantification of the total energy production potential throughout New York State.  The 
joint benefits derived from a potential collaboration between dairy CAFO operators and 
food manufacturing firms could lead to enhanced manure management strategies to 
farmers, and to an improved environmental image for the food manufacturing firms; a 
widely sought after eco-labeling technique many firms utilize to enhance their marketing 
competitiveness in the green-consumerism era. 
While the fundamental concept of anaerobic digestion is well known, understanding 
how best to integrate this waste-to-energy technology into the renewable energy market is 
not as well understood. Table 16 lists some of the uncertainties associated with this waste-
to-energy conversion assessment and the basis for each uncertainty.  Addressing these 
points will further contribute to the strength of this assessment.   
• Conduct a statewide assessment of the FOG wastes available for inclusion in 
existing and proposed waste-to-energy conversion processes such as 
centralized codigestion facilities.  This data could be obtained by submitting 
FOIL requests to each county operated landfill and wastewater treatment 
facility in New York State and potentially adjacent states where FOG 
generated in New York State may be hauled to.  For example, much of the 
FOG waste generated in the New York City and Long Island region is hauled 
to landfills in New Jersey and Pennsylvania for disposal.  It would not be 
unreasonable to divert these wastes from these landfills to anaerobic 
codigestion facilities operating within New York State boundaries. 
• Further analysis of alternative biogas- utilization pathways in order to identify 
the technically and economically optimal pathway(s).  Each biogas utilization 
pathway has different practical effectiveness based on a number of factors, as 
discussed in Chapter 2 of this thesis.  
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Chapter	   5:	   Environmental	   Impact	   Assessment	   of	   an	   Anaerobic	  
Codigestion	  System	  in	  Western	  New	  York	  State	  
 
Background	  
The U.S. agricultural industry contributes directly to greenhouse gas (GHG) 
emissions through multiple processes, including enteric fermentation, manure management, 
and soil management.  In 2010, these processes were responsible for approximately 6% of 
the total U.S. greenhouse gas emissions [55]. While carbon dioxide emissions are 
important, methane and nitrous oxide emissions are the two primary GHGs emitted by 
agricultural activities.  Enteric fermentation and manure management contributed 24% and 
8% of the total U.S. methane emissions in 2010, respectively, while manure management 
alone accounted for 4% of the nitrous oxide emissions in the U.S. [55]. 
The U.S. Environmental Protection Agency set forth mandates to maintain in 
storage lagoons dairy manure and other agricultural runoffs from confined animal feeding 
operations.  Storage lagoons give the manure time to degrade, reducing the nitrogen levels 
through settling and vaporization of ammonia gases, and phosphorous primarily through 
settling, which thereby reduces the nutrient concentration that could further contribute to 
water pollution. However, these farm waste management techniques are responsible for 
uncontrolled emissions of GHGs and harmful nitrogen compounds into the atmosphere. 
Furthermore, poor manure management systems are also common sources of nitrogen 
runoff, which have profound impacts on freshwater ecosystems, but can be managed in part 
with anaerobic codigestion systems. 
With the U.S. dairy industry contributing such a large proportion of the agricultural 
GHG emissions, there has been significant interest in emissions reduction strategies that 
can also provide benefits as alternative manure management strategies. For example, 
integrating anaerobic digestion processes with dairy farms could have a transformative 
impact on the industry by reducing GHG emissions while providing farmers with 
secondary sources of income through revenue associated with codigesting non-manure 
based organic feedstocks. Anaerobic codigestion processes provide a unique combination 
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of waste management and GHG mitigation strategies. As a source of electricity and heat, 
these facilities often offset some or all of the farms electricity and heating needs, while 
feeding excess generation onto the grid to optimize economic return. While the 
fundamental science of anaerobic codigestion at the laboratory-scale has been well 
documented in the literature, commercial scale codigestion of multiple organic feedstocks 
is not as well understood [18, 56, 57, 58]. Feedstock composition and microbiological 
process variability complicate modeling operational commercial-scale anaerobic 
codigestion facilities without introducing a high level of uncertainty. Furthermore, the 
broader environmental impacts of mixed-waste codigestion have only minor representation 
in the literature [14, 59].  This chapter of the thesis takes the knowledge and information 
acquired from the feedstock availability chapter (Chapter 4) and applies it to an operational 
commercial anaerobic codigestion system in New York State, and one of only a few in the 
U.S., in order to more accurately assess its broader environmental impacts. 
Scope	  of	  Project	  
The first section of this chapter presents results from a one-year monitoring effort at 
the Synergy Biogas, LLC, codigestion facility located about 40 miles southwest of 
Rochester, New York. This includes identification of important performance parameters 
such as feedstock volume, biogas production rate, biogas conversion efficiency, engine-
generator set (gen-set) output, efficiency, and capacity factor.  These parameters also serve 
as important performance indicators used to identify the effectiveness of anaerobic 
digestion as an alternative manure management strategy for dairy farmers. 
The second section of this chapter focuses primarily on the environmental impacts 
of renewable energy generation at the codigestion facility. The first part of this section 
quantifies the emissions reductions realized by diverting organic food-manufacturing 
wastes from conventional landfill disposal, to feedstock in a codigestion process.  Next, the 
GHG emissions avoided by displacing non-baseload grid electricity generation with 
renewable electricity generation at the codigestion facility were quantified.  This analysis 
considered the non-baseload electricity generation emission rates from the respective EPA-
defined subregion that the codigestion facility resides in, as well as two other subregions to 
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serve as a comparison for avoided emissions potential (Figure 17).  Non-baseload output 
emission rates for each subregion were identified by the U.S. EPA eGRID emissions 
database [60].  This analysis was made possible using the real-time monitoring data 
collected from the electronic data collection system at the codigestion facility. 
The final section of this thesis provides an extension to the environmental impact 
assessment by examining the magnitude of the feedstock hauling emissions relative to the 
displaced grid electricity emissions at the codigestion facility.  While codigestion of food 
wastes and dairy farm wastes has been shown to increase biogas production rates, the 
emissions associated with hauling feedstock to the centralized biogas facility must be 
considered when conducting an environmental impact assessment of an operational 
codigestion facility [56].  These hauling emissions represent an important piece of the 
environmental impact assessment, and have been largely unexplored in the existing body of 
codigestion literature.  This analysis considers not only the GHG emissions associated with 
feedstock hauling, but also the criteria pollutant emissions, since these are an important 
measure of air quality and can have serious impacts on human health at high levels [61]. 
Comprehensive environmental impact approaches to evaluating renewable energy 
technologies incorporate a wide scope of energy flows related to the entire energy 
production system.  The key objective of this study is to provide an environmental impact 
assessment of a centralized codigestion facility while identifying key impacts associated 
with long-distance feedstock hauling emissions.  By taking into account direct feedstock 
hauling emissions, criteria pollutant emissions, and total greenhouse gas emissions impacts, 
we can more tangibly assess the effectiveness of anaerobic codigestion as an alternative 
manure management technique and renewable energy generation facility to mitigate 






Codigestion	  system	  performance	  monitoring	  
Four essential components of anaerobic digestion systems include: pre-digestion 
storage tanks for storing undigested feedstocks, the anaerobic digestion chamber itself 
where feedstocks are biochemically converted to biogas, the biogas storage chamber, and 
biogas conversion equipment (e.g. flare, engine-generator set, fuel cell, etc.). The engine-
generator set and fuel cell technologies are now part of a rapidly growing commercial 
market in the U.S.  The codigestion facility considered here combines into a slurry manure 
from the adjacent farm with food wastes from New York, Pennsylvania, and Ontario, 
Canada, then pumps this mixture into a 120,00-gallon digester where it is retained for 
approximately 4 weeks as the microbes generate methane-rich biogas in the biochemical 
anaerobic codigestion process.  This biogas is then combusted in a General Electric-
Jenbacher 1.4MW engine-generator set to generate electricity that can be reliably fed into 
the grid in exchange for renewable energy credits [62]. 
Monitoring at the codigestion facility for this study was conducted from January 1 
through December 31, 2012.  A large amount of data was collected by the supervisory, 
control, and data acquisition (SCADA) system at the codigestion facility, and other system-
specific data were requested from facility operators on an as-needed basis.  The key 
codigestion facility performance parameters of interest in this particular study were: 
• Number of lactating cow equivalents producing manure  
• Influent biomass volume (gal) 
§ Manure (gal) 
§ Food waste (gal) 
• Biogas production (m3 at standard temperature and pressure)  
• Biogas conversion efficiency (kWh / m3 biogas)  
• Electrical energy generation (MWh)  
• Plant capacity factor (%) 
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These parameters were deemed the most indicative of digester performance, 
especially since they are common parameters tracked at other U.S. digestion facilities. 
Daily monitoring reports generated by the SCADA system provided the data needed to 
quantify the real-time values of each parameter listed above.  These parameters were used 
not only as performance indicators, but also to conduct the environmental impact 
assessment in this thesis.  
Avoided	  landfill	  emissions	  modeling	  
This analysis used the Waste Reduction Model (WARM) developed by the U.S. 
Environmental Protection Agency to calculate the relative GHG emissions and energy 
impacts of baseline and alternative materials management practices, including source 
reduction and landfilling using life-cycle emissions factors [63].  When food scraps are 
landfilled, anaerobic microbiological processes degrade the materials to produce methane 
and carbon dioxide.  The carbon dioxide emissions were not considered GHG emissions 
because they are part of the natural carbon cycle of growth and decomposition.  However, 
methane was considered as an anthropogenic GHG emission because even if it were 
derived from sustainably harvested biomass sources, natural degradation would not have 
resulted in methane emissions if not for its deposition in landfills.  Thus, the WARM model 
was used in this analysis to quantify the net emissions impact of alternative organic waste 
techniques such as anaerobic codigestion [63]. 
A multi-scenario approach was used for this analysis since landfills across New 
York State vary in their emissions management strategies [64].  Four avoided landfill 
emissions scenarios were considered: national average, without gas collection, with gas 
collection and flaring, and with gas collection and energy generation. For all of these 
scenarios, the national average landfill gas collection efficiency was assumed based on the 
WARM model’s default inputs [63].  The conventional food waste management process, 
landfilling with subsequent handling of methane emissions, defined the baseline scenarios 
as shown in Figure 14 and Figure 15.  The alternative food waste management process, 




Figure 14.  Baseline scenario for landfills without LFG recovery system.  Direct emissions 












Figure 15.  Baseline scenario for landfills with LFG recovery and flare, and landfills with 
LFG recovery and energy generation.  Dotted line represents the potential combined heat 






Figure 16.  Alternate scenario diagram for centralized codigestion facility with on-site combined heat 
and power plant. (FW = food-manufacturing waste) 
 
Hauling	  emissions	  impact	  modeling	  
The Argonne National Laboratory has developed one of the most comprehensive and widely 
used transportation emissions models known as the Greenhouse gases, Regulated Emissions, and Energy 
use in Transportation (GREET) model [65].  The GREET Fleet Footprint Calculator represents the most 
accurate method for estimating well-to-wheel (WTW) GHG emissions from mobile combustion since it 
considers the volume of fuel used, the measured GHG emissions per unit of fuel (e.g. BTU), and the 
measured heat content of the fuel used (e.g. ultra-low sulfur diesel).  Using the reported feedstock 
hauling distances from waste origin to the codigestion facility, and assuming a fuel efficiency value, the 
estimation of WTW GHG emissions could be accurately quantified for the cumulative vehicle miles 
travelled (VMT) by the waste hauling vehicles transporting feedstock to the codigestion facility for 
processing. 
Equation 4 was used to estimate WTW emissions associated with feedstock hauling emissions 







∗ 𝑸 ∗ 𝜷] ∗ (𝟏 ∗ 𝟏𝟎!𝟔)                  (4) 
ECO2eq     = WTW emissions (MT CO2eq) 
VMT      = total VMT by waste vehicles (mi) 
γ     = transport vehicle fuel economy (mi / gal) 
Q     = fuel lower heating value (btu / gal) 
β     = WTW GHG emissions factor (g / btu) 
 
The cumulative VMT data were collected from the delivery receipts generated from each 
feedstock delivery to the Synergy Biogas facility.  Feedstock hauling data collection made the 
assumption that round-trip feedstock hauling included only the distance from the feedstock generator to 
the codigestion facility and back to the generator with no combined trips.  Fuel economies of 2.5 and 4 
mpg were assumed to cover the spectrum of light- and heavy-duty hauling vehicles.  The WTW 
emissions produced per unit of fuel energy consumed, and the lower heating value of ultra-low sulfur 
diesel fuel, were both based on the assumed values in the GREET Fleet Footprint Model [65].  All of the 
feedstock hauling data were collected from January 1 through December 31, 2012 
 
Displaced	  grid	  emissions	  modeling	  
Identifying the displaced grid emissions from renewable electricity generation by the 1.4 MW 
engine-generator set at the codigestion facility was considered the primary emissions modeling section 
of this analysis.  This procedure addresses issues pertaining to defining the baseline emissions, as well as 
calculating the avoided grid electricity generation sources.  For renewable electricity generation in the 
U.S., the emission rate used for estimating emissions reductions comes from the EPA’s Emissions and 
Generation Resource Integrated Database (eGRID) non-baseload output emission rate for the eGRID 
subregion in which the renewable electricity was generated.  The most recent eGRID emissions rates, 
from eGRID 2012 Version 1.0 Year 2009 GHG Annual Emission Rates, were used to conduct the 







Table 17.  U.S. EPA eGRID output emission rates for the NYUP, CAMX, and SRMW subregions [60]. 
 
Non-baseload Emission Factors (MT / MWh) 
eGRID subregion CO2     CH4               N2O 
NYUP 6.11E01 1.86E-05 7.65E-06 
CAMX 4.51E-01 1.52E-05 1.85E-06 
SRMW 9.95E-01 1.14E-05 1.63E-05 
 
The U.S. EPA eGRID data provides output emission rates for both baseload and non-baseload 
electricity generation.  Baseload generation facilities operate at high capacity factors (>0.8).  Thus, these 
generation facilities often run continuously, and non-baseload generation is dispatched when greater 
electricity capacity is needed.  Therefore, non-baseload generation is most readily displaced by 
renewable electricity generation at codigestion facilities, even if they operate at a capacity factor greater 
than 0.8.  The location of the renewable energy facility is important since each eGRID subregion has its 
own unique output emission rate based on local resources available and the electricity grid mix (Figure 
17).  The codigestion facility studied in this analysis is located in the NPCC Upstate NY subregion 
(NYUP).  Thus, the eGRID non-baseload output emission rates for the NYUP subregion best 
characterize the emissions displaced by the codigestion facility of interest.  For this analysis, a 
comparison was drawn against two other subregions representing the best- and worst-case scenarios in 
terms of non-baseload output emission rates.  The SERC Midwest subregion (SRMW) had the highest 
emission rates, while the WECC California subregion (CAMX) had the lowest emission rates.  The 
electricity generation grid mix drives the differences in emissions rates between these three subregions 
[60].  This cross section provides greater magnitude as for the range of expected emissions from similar 
digester facilities across the U.S.  Equations 5 through 7 were used for each respective greenhouse gas in 
each subregion in order to quantify the avoided GHG emissions from renewable electricity generation.  
Equation 8 was used to quantify the avoided emissions in terms of carbon dioxide equivalents, a widely 









𝑬𝑴𝑪𝑶𝟐 = 𝜶 ∗ 𝑬𝒓𝒂𝒕𝒆  𝑪𝑶𝟐   (5) 
𝑬𝑴𝑪𝑯𝟒 = 𝜶 ∗ 𝑬𝒓𝒂𝒕𝒆  𝑪𝑯𝟒    (6) 
𝑬𝑴𝑵𝟐𝑶 = 𝜶 ∗ 𝑬𝒓𝒂𝒕𝒆  𝑵𝟐𝑶    (7) 
𝑬𝑴𝑪𝑶𝟐𝑬 = (𝑬𝑴𝑪𝑶𝟐)+ 𝟐𝟓 𝑬𝑴𝑪𝑯𝟒 + 𝟐𝟗𝟖(𝑬𝑴𝑵𝟐𝑶)   (8) 
α = renewable electricity generation (MWh) 
ErateCO2 = eGRID non-baseload CO2 emission rate (MT CO2 / MWh) 
ErateCH4 = eGRID non-baseload CH4 emission rate (MT CH4 / MWh) 
ErateN2O = eGRID non-baseload N2O emission rate (MT N2O / MWh) 




Figure 17.  Map of the U.S. EPA eGRID subregions, U.S. Environmental Protection Agency [60]. 
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Criteria	  pollutant	  modeling	  
The net impacts of criteria pollutant emissions accounted for two types of emissions: the 
emissions reduction associated with displaced grid electricity generation, and the emissions 
contributions from feedstock hauling vehicles.  Criteria pollutant emission reductions were quantified 
using eGRID subregion criteria pollutant output emission rates for each subregion [60].  The eGRID 
database differentiates between baseload and non-baseload criteria pollutant emission rates, and thus the 
non-baseload emission rates were used for this analysis.  The 2012 total electricity generation by the 
engine-generator set at the codigestion facility was used to quantify the net criteria pollutant impact. 
The criteria pollutant emissions associated with feedstock hauling were quantified using the U.S. 
EPA GREET 1 2012 model, which included VOC, CO, NOx, PM10, PM2.5 and SO2 emissions rates 
(g/mi) for light-heavy-duty diesel engines [66].  The total 2012 feedstock hauling distance was applied 
to each emission factor to quantify its annual criteria pollutant contribution. 
 
Results	  
Codigestion	  system	  performance	  monitoring	  
A summary of the most relevant digester performance parameters is shown in Table 18.  The 
objective of this analysis was to provide sufficient background to allow comparison of these results to 
other anaerobic digestion facilities.   While it is important to note that these were not the only 
parameters monitored at the codigestion facility, they were considered the most important and 
universally accepted indicators of digestion performance.  Thus, these values are commonly reported by 











 Table 18.  Relevant performance parameters for the codigestion facility, January 1 through December 
31, 2012. 
Parameter 2012 Annual Average Daily maximum (date) 
Number of LCE# Cows 1,871 1,916 (7/31/12) 
Total Influent Biomass (gal d-1) 57,500 92,493 (7/6/12) 
Food Waste (gal d-1) 10,200 33,318 (1/10/12) 
Manure (gal d-1) 47,300 82,752 (7/6/12) 
Biogas production (m3 d-1) 7,909 9,000 (11/4/12) 
Biogas Conversion Efficiency (kWh / m3 biogas) 2.1 3.5 (3/19/12) 
Electrical energy generation (MWh d-1) 14.8 31.9 (12/6/12) 
Plant Capacity Factor 40% 95% (12/6/12) 
# = Lactating cow equivalents 
 
Avoided	  Landfill	  emissions	  
The total mass of food waste feedstocks delivered to and processed by the codigestion facility 
during the monitoring period was approximately 17,200 MT.  Assuming that all of this waste was 
diverted from landfills to the codigestion facility, the potential emissions reductions were quantified 
using each of the four scenarios described previously.   Assuming the national average landfill gas 
control system, a total of 13,111 MT CO2E would be reduced if all food waste feedstocks were diverted 
from landfills to the codigestion facility.  For landfills with no gas collection system, up to 27,058 MT 
CO2E would be avoided by diverting food waste to the codigestion facility.  If the food waste feedstocks 
had been disposed of in a landfill with a landfill gas recovery system and flare, potential emissions 
reductions of approximately 8,659 MT CO2E would be seen.  A scenario with landfill gas recovery for 
energy generation would result in potential emissions reductions of approximately 5,650 MT CO2E.  
Since the conventional waste management pathway for each food waste feedstock was unknown, 
identifying which end of the spectrum the actual emissions reductions are between 5,650 and 27,060 MT 
CO2E would be a valuable addition to the environmental impact statement.  Further analyses will 
incorporate these waste management details in order to reduce the level of uncertainty of these 
emissions reduction values, especially since they make up a large portion of the overall GHG emissions 
reductions by the codigestion facility. 
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Waste	  Hauling	  Emissions	  	  
A large amount of food waste feedstock delivery data was collected during the yearlong 
monitoring project at the codigestion facility.  A total of 922 food waste feedstock deliveries were made 
during the monitoring period, accounting for all 17,200 MT delivered during 2012.  A summary of the 
seventeen food waste generators contributing feedstock to the codigestion facility is shown in Table 19.  
A map of the Northeast U.S. and Canada showing the locations of each of these feed waste generators is 
provided in Figure 18.  With food waste generators coming from as far as 264 miles one-way to deliver 
food waste to the codigestion facility, the GHG emissions associated with feedstock hauling must be 
considered as part of the larger environmental impact assessment.   
Accounting for all 922 food waste deliveries, and based on the transportation assumptions listed 
previously, it was estimated that a total of 109,095 round-trip miles were travelled for the purpose of 
delivering food waste feedstock to the codigestion facility.  Assuming fuel economies of 2.5 mpg and 6 
mpg results in an ultra-low sulfur diesel fuel consumption of 43,638 gallons and 18,183 gallons, 
respectively.  Using these values in Equation 5 results in net positive WTW greenhouse gas emissions of 





Figure 18.  Locations of food waste generators contributing to the codigestion facility, January 1 
through December 31, 2012. 
 
Displaced	  grid	  emissions	  
The codigestion facility generated 5,419 MWh of electricity from its 1.4 MW engine-generator 
set between January 1 and December 31, 2012.  The resulting average annual capacity factor was only 
40%, lower than the 95% capacity factor expected by facility operators (Figure 19).  Low capacity 
factors are common for digester facilities in their first year or two while the digester microbiological 
community achieves stability, and while the functionality of the mechanical and electrical components 
are established. Applying the real-time renewable generation data and the NYUP subregion non-
baseload output emission rates into Equation 8 we found that the codigestion facility avoided 
approximately 3,330 MT CO2E in the NYUP eGRID subregion in 2012 from renewable power 
generation (Figure 20).  The equivalent renewable electricity generation by its 1.4 MW engine-generator 
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set in the CAMX and SRMW subregions would have displaced approximately 2,450 MT CO2E and 
5,420 MT CO2E, respectively.   
As expected, the displaced grid emissions in the NYUP subregion were between those of the 
CAMX and SRMW subregions since they had the lowest and highest non-baseload GHG emission rates, 
respectively.  These results are important because they show the potential minimum and maximum 
displaced grid emissions for digester projects producing similar amount of renewable energy with 
different grid mixes. 
The capacity factor at which the digester facility operates largely drives the displaced emissions 
associated with renewable electricity generation.  Codigestion facility managers expect the Synergy 
facility to operate at between 90% and 95% capacity factor once all of the start-up issues are resolved.  
Given this, the renewable electricity production of the codigestion facility was projected at 80%, 90% 
and 95% capacity to represent the displaced emissions reductions once the facility is operating at its 
expected capacity factor.  As shown in Figure 20 the potential emissions reductions could reach 
approximately 7,150 MT CO2E if operating at 95% capacity.  These emissions reductions are equivalent 
to the GHG emissions from approximately 1,050 average households in the NE U.S. region for one year 






Figure 19.  Monthly capacity factor throughout the duration of the monitoring period, January 1 through 




















Table 19.  List of food waste generators contributing to the codigestion facility ordered in terms of 
number of deliveries, January 1 through December 31, 2012. 













Avon, NY Whey DAF Effluent 21 193 8,155 
Rochester, NY Bakery Waste 34 170 11,620 
Burlington, ON Pig Slaughterhouse Waste 121 126 30,378 
Rochester, NY Grease Trap Waste 45 110 9,843 
Mount Morris, NY Agricultural Wastes 22 76 3,306 
Rochester, NY Grease Trap Waste 39 72 5,548 
Wind Gap, PA Biodiesel Derived Glycerol 264 54 28,521 
Batavia, NY Dairy Waste 15 58 1,728 
Fairport, NY Tomato Products 48 17 1,648 
Campbell, NY Cheese / Whey Waste 73 12 1,745 
Rochester, NY Grease Trap Waste 40 12 948 
New Berlin, NY Yogurt Waste 189 11 4,158 
Corfu, NY Cheese Waste 26 4 206 
Toronto, ON Pork / Bakery Waste 153 3 917 
Rochester, NY Bakery Waste 41 2 164 
Honeoye Falls, NY Bakery Waste 30 1 60 




Figure 20.  A summary of the actual and projected avoided GHG emissions associated with displaced 
non-baseload grid electricity generation via renewable electricity generation at the codigestion facility, 
January 1 through December 31, 2012. [Projected capacity factors denoted with an asterisk (*)] 
 
Net	  greenhouse	  gas	  emission	  reduction	  
The net greenhouse gas emission impact for the centralized biogas facility over a one-year time 
period was quantified using the five different scenarios below:  
 
Displaced Grid Emissions Baseline: Considered the displaced grid electricity generation emissions only 
Net GHG Emissions Scenario 1: Considered the displaced grid emissions and feedstock hauling contribution 
Net GHG Emissions Scenario 2: Considered the displaced grid emissions, feedstock hauling contribution, 
and avoided landfill emissions with landfill gas recovery and energy generation  
Net GHG Emissions Scenario 3: Considered the displaced grid emissions, feedstock hauling contribution, 
and avoided landfill emissions with landfill gas recovery and flare 
Net GHG Emissions Scenario 4: Considered the displaced grid emissions, feedstock hauling contribution, 
and avoided landfill emissions with national average landfill gas control system 
Net GHG Emissions Scenario 5: Considered the displaced grid emissions, feedstock hauling contribution, 
and avoided landfill emissions with no landfill gas recovery system in place 
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From these results, it is evident that substantial greenhouse gas emission reductions can be 
realized if the avoided landfill emissions are included in the net emissions impact.  Even when the 
food manufacturing wastes are disposed of in landfills with landfill gas recovery systems and 
integrated energy generation facilities, the net emissions impact is nearly twice that of the 
displaced grid emissions alone.  This is due to inefficiencies in the landfill gas recovery system, 
as well as the emissions associated with hauling the waste to the landfill for disposal.   
 A few key assumptions were made while quantifying the net GHG emissions reduction 
impact.  First, it was assumed that all of the waste-feedstocks sent to the codigestion facility were 
diverted from conventional landfill disposal.  Thus, this neglects the possibility of other pathways, 
such as composting, land-spreading, incineration, or other solid waste disposal methods.  
Unfortunately the alternative waste disposal method for most of these waste-feedstocks was 
unknown at the time of this analysis.  Future research both at this facility as well as other 
codigestion facilities should consider the specific waste diversion pathways to better understand 
the true net GHG emissions impact.   
 Furthermore, the GHG emissions associated with anaerobic codigestion facility 
construction were not considered for this analysis, but are assumed to be small relative to the 
cumulative emissions reductions over the life of the plant (estimated 25-30 years).  The end-of-
life facility decommissioning and deconstruction emission were also not considered for the same 
reason.  The parasitic loads from codigestion facility operation were not considered in this 
analysis either.  The engine-generator set provides power for the parasitic load at the codigestion 
facility, thus this load is taken off prior to reaching the meter.  This made it difficult to estimate 











Figure 21.  Net GHG emissions reduction at centralized anaerobic codigestion facility in New York 
State. 
 
Criteria	  pollutant	  modeling	  
The criteria pollutant emissions from feedstock hauling are shown in Table 20.  The NOx and 
SO2 emissions were the only criteria pollutant emissions quantified for both displaced grid electricity 
generation and feedstock hauling due to data availability.  The net impact for NOx and SO2 emissions 
were 0.30 MT and 7.01 MT, respectively.  In 2009, New York State discharged 28,116 MT and 50,184 
MT of NOx and SO2, respectively [60]. Thus, the net emissions associated with the codigestion facility 
represent only a minor fraction of the total statewide criteria pollutant emissions.  Future analyses will 







Table 20.  Criteria pollutant emissions from hauling feedstock to the codigestion facility, January 1 
through December 31, 2012. 
 Criteria Pollutant Emissions (MT / yr) 
  VOC CO NOx PM10 PM2.5 SO2 
0.05 0.18 0.63 0.02 0.02 0.02 
 
 
Conclusions	  and	  future	  work	  
The results of this assessment quantify the environmental impact of the only operating 
codigestion facility in New York State specifically designed to process food manufacturing wastes and 
dairy manure.  Biogas production from this facility, even at a lower than expected operating capacity 
factor, shows the clear environmental benefits over dedicated biomass energy feedstocks because it 
utilizes an existing waste resource that has potential to improve environmental quality and reduce the 
demand for fossil resources.  The methodologies used in this analysis could be applied to other 
operational codigestion facilities to evaluate their own environmental impact, and provide useful insight 
into how to optimize the process to maximize energy generation and minimize environmental impact.  
The joint benefits derived from the collaboration between the dairy CAFO operator, food waste 
manufacturing plant operators, and the codigestion facility operator, reveal enormous potential for 
codigestion facilities across New York State.   
These conclusions demonstrated the considerable potential and positive contributions that waste-
to-energy processes could lend to the future of organic waste management and distributed renewable 
energy generation.  Future research might also consider the long-term life-cycle impacts associated with 
anaerobic codigestion at this facility.  Multi-criteria decision analysis could also play an integral role in 
the future of optimizing biogas production and minimizing environmental impact by selecting the 
optimal feedstock blends and facility conditions based on known trends in biogas production.  Using the 
feedstock blending techniques that was learned from this year-long analysis, the next chapter of this 
thesis constructed a multi-criteria decision analysis model to identify the effects of feedstock loading 
rates, feedstock blending rations, and the economic benefits derived from increasing imported feedstock 
volumes and biogas production. 
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Chapter	  6:	  Multi-­‐Criteria	  Optimization	  Analysis	  for	  Codigestion	  Dairy	  




Manure management has been a concern of farm operators for decades, and is becoming more 
pressing as the trend towards centralization of dairy farms and milk production in New York State 
continues.  If not dealt with properly, manure can have profound environmental problems such as 
eutrophication, sedimentation in rivers and streams, and the spread of pathogens and volatile organic 
compounds.  Manure also leads to severe air quality problems, including odors and GHG emissions (e.g. 
CH4).  Despite these issues, dairy manure is a high-energy content feedstock with considerably 
underutilized potential for energy generation in NYS.  
One distinct advantage that biomethane has over other renewable energy sources is that it doesn’t 
require a large investment in new infrastructure because an extensive natural gas infrastructure already 
exists d.  Thus, widespread biomethane production could help farmers meet their manure management 
goals, reduce wastewater surcharges paid by food manufacturing firms, and also help New York State 
meets its renewable energy generation goals.  Despite how well understood the fundamental aspects of 
anaerobic digestion are, many of the blending strategies at codigestion facilities are based on trial-and-
error with little theoretical background.  This section of the thesis aims to address this knowledge gap by 
providing an initial assessment of the type of decisions that digestion facility operators face when 
choosing appropriate feedstock blending ratios necessary to optimize biomethane production, which 
subsequently leads to maximizing the profits for the digestion facility.  To illustrate the use of this multi-
criteria decision analysis problem, a linear program was created using What’s Best linear integer 
programming software (Lindo Systems Inc.) to identify the optimal feedstock blend when given the 
choice of 11 difference feedstocks with varying composition and volumes.  
 
 
Case	  study	  description	  
Synergy Biogas LLC is New York State’s first digestion facility specifically designed for 
                                                            




codigestion of dairy manure and food wastes.  It became operational in December of 2011 with a 
capacity to process dairy manure from approximately 2000 milking cows at the dairy along with manure 
from other local dairy farms, as well as organic food processing wastes transported onsite from regional 
facilities.  The important starting point for the Synergy Biogas LLC (Wyoming County, NY) codigestion 
facility was its commitment to process a contracted amount of dairy manure from the Synergy Dairy 
farm onsite and other local dairy farms.  Therefore, through this model, the volume of manure processed 
varied only slightly due to these contractual obligations, and the food waste feedstock inputs vary 
considerably based on the optimal blending recipes. 
 At the Synergy digestion facility, feedstocks stored onsite are blended in central processing 
tanks, then pumped through pasteurization units and into the primary digestion chamber.  The 
biodegradation process starts immediately and the hydraulic retention time is estimated at approximately 
25 days [47].  The digestate is then separated into solid and liquid substrates and stored appropriately.  
The solid fraction is used as animal bedding onsite and at nearby farms, while the liquid fraction is 
stored in lagoons until applied to land as a soil amendment.  The biomethane generated is utilized in a 
1.4 MW engine-generator set to generate electricity which is injected into the grid and sold in exchange 
for renewable energy credits (REC) to a Rhode Island based utility company at a rate of $15 per MWh e.  
The heat generated by the gen-set is utilized onsite for heating the digester and drying the digestate. 
 The tipping fee prices used for this analysis were based on actual prices received by Synergy 
Biogas LLC operators for the calendar year 2012.  These prices fluctuate with time, and depend largely 
on feedstock quantity and quality, as well as current waste disposal fees to the food manufacturers.  To 
demonstrate this variation, values ranging from $0.04- $0.10 per gallon of feedstock accepted were used.  








                                                            
e These contracts are signed annually, thus, Synergy Biogas may have contracted with another utility 
company in 2013 that is unknown at this time.  For the purpose of this analysis, data current at the time 
of the analysis will continue to be used. 
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The primary objective of digestion facilities like Synergy Biogas is to maximize biomethane 
production while maintaining a robust and stable biological process.  A linear programming model can 
be used to model the decisions that a digestion facility operator should make in face of deciding the 
feedstock blends that maximize biomethane production.  After specifying a set of decision variables and 
constraints, a linear programming model was used in this study to maximize profit of the plant from 
sales of RECs and the tipping fees received for the food manufacturing waste.  The basic framework for 
a standard linear programming model with a profit maximizing objective function can be expressed as: 
 







(1) 𝑋! ≥ 0  𝑤ℎ𝑒𝑟𝑒  𝑖 = 1,2…𝑛 
 
(2) 𝑎!!!!! 𝑋! ≤ 𝐵𝑀!             𝑤ℎ𝑒𝑟𝑒  𝑖 = 1,2…𝑛 
 
Z = profit 
Xi = vector value for decision variables 
ai = decision variables (e.g. electricity production, REC revenue, O&M cost, tipping fee 
revenue, etc.) 




The following activities were identified as relevant to this study, producing electricity and selling 
it in exchange for RECs, tipping fee revenue, and the costs associated with processing feedstocks and 
operating the facility.  These activities were used to formulate the objective function.  The constraints 
relate to the feedstock availability, feedstock processing capacity and electricity generation capacity.  
The total feedstock input into the digester should be less than the maximum processing capacity of the 
Synergy Biogas facility based on a 25-day hydraulic retention time.  This model assumed that the 
influent would contain no greater than 40% food-based feedstocks by volume, which was the upper-
limit for anaerobic codigestion of food manufacturing wastes at the Synergy Biogas facility.  The 




𝑀𝑎𝑥  𝑍 = 𝐸𝑅 + 𝑇𝐹 − 𝑃𝐶 
 
subject to: 
1) 𝑀𝑖𝑛𝑀!   ≤ 𝑀!   ≤   𝑀𝑎𝑥𝑀! 
2) 𝑀𝑖𝑛𝐹𝑊!   ≤ 𝐹𝑊!   ≤   𝑀𝑎𝑥𝐹𝑊! 
3) 𝑀𝑎𝑥𝑀! = 𝑀𝑎𝑥𝑀! −   𝐹𝑊!      
4) 𝑀𝑖𝑛𝑇𝐵𝑀!   ≤ 𝑇𝐵𝑀!   ≤   𝑀𝑎𝑥𝑇𝐵𝑀! 
5) 𝑀𝑖𝑛𝐸𝑃   ≤ 𝐸𝑃   ≤   𝑀𝑎𝑥𝐸𝑃 
 
ER = REC sales revenue ($ mo-1) 
TF = tipping fee revenue ($ mo-1) 
PC = Processing costs ($ mo-1) 
Z = profit ($ mo-1) 
Md = dairy manure digested (gal mo-1) 
Min/Max Md = min or max dairy manure processing capacity (gal mo-1) 
FWd = organic food waste digested (gal mo-1) 
Min/Max FWd = min or max food waste processing capacity (gal mo-1) 
TBMd = total organic material digested (gal mo-1) 
Min/Max TBMd = min or max organic processing capacity (gal mo-1) 
EP = electricity production (MWh mo-1) 
 
Model	  parameterization	  and	  assumptions	  
The average monthly dairy manure volume input was acquired from Synergy Biogas to use as 
the benchmark value for average monthly manure availability [47].  Given the dairy manure production 
values shown in Table 21, the model will consider varying proportions of the available feedstocks from 








Table 21.  Input data associated with each input source. 
 
 
In this model, the biomethane production potential is directly related to the total solids (TS) 
content within the dairy manure and food manufacturing waste.  The TS content values used for dairy 
manure type in this analysis were estimated from values in the literature [10].  Using the dairy manure 
input volume, density and TS content; biomethane production could be estimated using the biomethane 
production potential factor.  For this study, the biomethane production potential of dairy manure, 0.3 m3 
CH4 kg-1 TS, was acquired from actual conditions at the Synergy Biogas facility, and is shown in Table 
22 [10].   
The composition of the food manufacturing waste depends on the type of food product being 
produced, and therefore varies between generation sources.  Research funded by the United States 
Environmental Protection Agency at the East Bay Municipal Utility Districts (EBMUD) in Oakland, 
California, found that the average quantity of methane generated per kilogram of food waste-derived 
total solids digested anaerobically was 0.4526 m3 CH4 kg-1 TS [14]. However, since many food 
manufacturing facilities produce different products seasonally, the TS content will likely fluctuate 
throughout the year.  Since the biomethane production potential is largely a function of TS content, I 
used randomly assigned values between 0.3526- 0.4786 m3 CH4 kg-1 TS to represent the variation 
between food manufacturing waste products throughout New York State.  These uncertainties could be 
resolved empirically by investigating the biomethane production potential of particular food waste types 









Table 22.  Input feedstock composition as total solids (TS) and biomethane production potential. 
 
 FW = representative food manufacturing feedstock  
 
Combining the estimated biomethane production of the optimal feedstock blends, the energy 
content in terms of MWh could be estimated using the following method.  The lower volumetric energy 
density of pure methane gas (35.87 MJ/m3 at standard conditions) was converted to kWh using the 
conversion factor, 3.6 million J/kWh, resulting in a value of 9.96 kWh/m3 CH4 [45].  The biomethane–
to-electricity conversion efficiency, denoted β, assumed a 40% conversion efficiency.  The EBMUD 
facility also reported that approximately 10% of the total TS mass discharged into the waste stream, 
therefore, resulting in a 90% TS-to-biomethane conversion efficiency, thus this efficiency factor, 














These values were used to calculate the total electricity generation potential (EP) in MWh 
generated via codigestion as a function of f(τf, σf, γf, β), shown below. 
 







γf  = biomethane production potential  (0.4526 m3 CH4 kg-1 TS)   
τf  =  TS-to-biomethane conversion efficiency  (%) 
σf = monthly TS mass processed in digester (kg mo-1) 
β = biomethane-to-electricity conversion efficiency (%) 
 
Although feedstock transport could have a significant effect on the economics of operating a 
digester facility, the food manufacturers, and not the digestion facility operators incur those costs.  Thus, 
those expenses are not part of the profit maximization objective function used in this study.  Synergy 
Biogas LLC provided the actual operation and maintenance costs for the purpose of this research, and 
then those were converted to processing costs per gallon of material processed.  The resulting cost value 
came to approximately $0.002 per gallon of material processed.  Given the electricity generation, REC 
sales revenue, tipping fee revenue, and processing costs were fed into the objective function seeking 
choose the optimal feedstock blend that maximizes the firm’s monthly profits. 
 
Results	  
The results of this analysis show that the optimal feedstock-blending program processes a total of 
1,653,646 gallons of feedstock to produce approximately 903 MWh of electricity per month (equivalent 
to approximately an 87% capacity factor).  Feedstocks were selected from 7 of the 10 available food 
waste feedstock sources.  Interestingly enough, even with the food waste sources having greater 
biomethane production potential values than manure, the optimal blend did not utilize the maximum 
available food waste from each generation source.  A total of 566,000 gallons of food wastes were 
available to process, however, only 402,000 gallons were utilized in the optimal blend.  The technical 
results of the optimal scenario showing the electricity production potential, REC revenue stream, tipping 
fee revenue, and processing costs, are shown in Table 23. 
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Table 23.  Technical results of feedstock blending simulating for a digestion facility with capacity and 




The shadow price of each input indicates how much the objective function would be changed for 
each constraint with one unit of change to the particular constraint.  As shown in Table 24, all of the 
feedstocks utilized in the optimal blend scenario had a shadow price.  The constraints with shadow 
prices are binding constraints, thus if you change the material availability for these specific feedstocks, 
you could potentially increase their use in the blend thus increasing the objective function value and 
increasing profits.  The shadow prices are important decision parameters, as they allow digestion facility 
operators to determine whether specific changes to given constraints might actually increase the overall 
profitability of the facility, or weaken their bottom line. 
 The inputs with shadow prices having a value of zero have a slack value greater than zero, as 
shown in Table 24.  Therefore, these non-binding constraints are not butting up against the availability 
constraint that constrains their material utilization capacity.  The slack values represent feedstock 
material that is unconsumed.  Thus, the digestion facility operator is unwilling to use them to their 
fullest extent for a combination of various different reasons (e.g. biomethane production potential, TS 
content, etc.).  The only constraints with slack variables were the three food waste generation sources 
which feedstocks had not been used in the optimal blend scenario. 
 In the optimal scenario outlined above, the only feedstock materials with opportunity costs are 
those that were not used to their maximum availability, thus FW4, FW8 and FW10.  The opportunity 
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costs for these three decision variables were 4.44E-02, 4.81E-02 and 8.42E-02, respectively (Table 25).  
Thus, increasing each decision variable by 1 gallon of feedstock input would increase the objective 
function value by $0.44, $0.48, and $0.84, respectively.  This shows that waste source FW10 had the 
greatest opportunity cost, thus should be considered as an input should the digestion facilities maximum 
processing capacity increase. 
 Although not directly evident in the results shown in Table 23, Table 24, and Table 25, the 
tipping fee received for each feedstock was an important economic factor contributing to the optimal 
blend.  The optimal feedstock blend was very sensitive to the tipping fee price for each feedstock.  
Subsequently, changing the amount of available feedstock material in conjunction with the feedstock 
tipping fee received had considerable effects on the optimal blend, and thus the objective function value.  
In the rapidly evolving market of codigestion and waste-to-energy production, these fluctuations must be 
considered in the feedstock blending problem.  These fluctuations were the primary reason I chose to 
use a timescale on a per month basis, since feedstock sources, availability, and REC market prices will 




























Table 24.  Shadow prices and slack variables for the eleven feedstock related constraints. 
       
 





Discussion	  and	  future	  work	  
The purpose of this study was to construct a basic framework for analyzing the economic 
performance of an anaerobic codigestion facility.  This analysis was carried out based on a linear 
programming model to identify the optimal feedstock blends to optimize food waste tipping fee 
collection, electricity production and renewable energy credit sales.  The economic analysis was based 
on actual values obtained from Synergy Biogas, LLC.   
The analysis conducted in this study was based on a number of assumptions.  The biomethane 
production potential value for each food waste feedstock was assigned based on a range of values 
provided by the EBMUD facility [14].   Since the representative biomethane production facility used in 
this analysis combines all of the non-dairy manure related wastes into a single blended feedstock, it was 
assumed that this slurry would have a biomethane production potential value similar to that of the values 
used in at the EBMUD facility to estimate production potential.  Analyzing samples of the feedstock 
slurry at Synergy Biogas, LLC, on a regular basis may provide key insight into the long-term feedstock 
characteristics (e.g. total solids, volatile solids, biological oxygen demand, carbon / nitrogen content, 
etc.).  
Operating at a higher capacity factor incurs greater operator costs due to increased wear-and-tear 
on equipment.  Thus, operating at a capacity factor below 98-100% may reduce the marginal operating 
costs to the facility operators, and should also be considered in future models.  The capacity of the 
engine-generator set is a critical constraint, and limits the amount of biogas that can be processed and 
produce electricity.  Keeping both of these factors in mind, facility operators must balance biogas 
production to optimize for biogas production by not overproducing and subsequent electricity generation 
by not overworking the equipment and incurring greater costs. 
The goal of this model is intended to be cognizant of the notion that optimizing for digester 
operating conditions may not necessarily lead to profit maximization.  For example, the hydraulic 
retention time is a measure of the average length of time that the feedstock substrate remains in the 
digester chamber.  This can be expressed by dividing the volume of the digester chamber by the influent 
feedstock flowrate.  Due to the feedstock storage capacity, increasing the volume of feedstock accepted 
by the facility would increase the flowrate, thus reducing your hydraulic retention time.  While this 
tactic may increase tipping fee revenue, the biomethane production potential value may decrease since 
the substrates now have less time to biodegrade in the chamber.  On the contrary, if facility operators 
were to extend the hydraulic retention time to increase biomethane production potential, they may have 
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to reduce the influent volume, which reduces tipping fee revenue.  This model also assumes that manure 
volume will remain relatively constant, where seasonal variation and dairy population growth / decline 
with cause this value to deviate significantly.  Integrating the biogas utilization constraints into this 
system further exacerbates the need for future work on this optimization model.  In the case where the 
anaerobic codigestion facility is a privately owned entity, profit maximization should coexist with 
optimal operating conditions, and a multi-criteria optimization model may help to solve the above 
questions.   
With feedstock availability, renewable energy generation potential, a comprehensive 
environmental analysis, and a multi-criteria feedstock blending analysis tool developed, the final chapter 
of this thesis sought to examine the economics of widespread biogas development strategies.  The 
motivating research question here was to use all of the previously acquired information to identify how 
consumer behavior could influence greater biogas production development throughout New York State. 
 
Chapter	   7:	   The	   Economics	   of	  Widespread	   Biogas	   Development	   Strategies	  
for	  New	  York	  State	  
 
Research	  Objectives	  
Here a conceptual framework is presented to analyze various pathways aimed at enhancing the 
development of anaerobic digestion facilities throughout New York State.  The first model looks at how 
green tariff contributions could help finance the high capital costs of anaerobic codigestion facilities 
throughout New York State.  The basic framework for the green tariff model was assimilated from 
melding two papers discussing environmentally friendly consumption of impure public goods and 
household participation in green-electricity programs [68, 69].  Green tariff contribution systems are 
frequently available from the utility to provide funds for investing in the development of future green 
energy.  Consumers who contribute to this green tariff program benefit not only from the private 
provisions (e.g. energy consumption and self-image), but also from the public amenities it provides (e.g. 
reduced greenhouse gas emissions and increased energy security).  However, this type of system 
generalizes green energy production in a market where many renewables have varying function or 
productive capacity based on their location.  Therefore, this model seeks to understand how consumers 
would allocate their participation if multiple green tariff programs existed specifically targeting solar, 
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wind and biogas energy generation systems. 
The second part of this analysis investigates the effects of a statewide natural gas-biogas 
blending mandate and what effect this could have on consumption levels of both fuels [70].  In this case, 
biogas is an impure public good jointly providing private and public amenities through increased 
consumption.  In this model, the New York State government would set the blending requirement each 
year based on their projections of anticipated cumulative biogas production and total natural gas 
consumption rates.  For comparison, a New York State natural gas-biogas blending mandate would be 
set much lower than that of the ethanol-gasoline biofuel blending mandates currently set forth by the 
U.S. Energy Security and Independence Act of 2007, requiring the total amount of biofuels added to 
gasoline to increase to 36 billion gallons by 2022 [71].  Preliminary studies by Rankin et al. [4] show 
that biogas would only constitute a small percentage of the total energy generation in New York State.  
Therefore, natural gas-biogas blending ratios would likely be small, but still meaningful in the broader 
context of renewable energy generation and greenhouse gas emissions reductions. 
Hereafter, this model explores various biogas development pathways that New York State could 
consider to enhance the anaerobic digestion infrastructure throughout the state as a way of reducing 
greenhouse gas emissions, providing energy security and generating green jobs.  Furthermore, the model 
seeks to provide insight into how individual consumers can maximize their utility based on their 
preferences for environmental quality balanced with their income constraint. 
Approach	  
Green	  tariff	  program	  background	  information	  
Roe et al. [72] found that U.S. consumers value the environmental benefits derived from 
renewable electricity generation methods and that utility firms have responded to this consumer demand 
with several types of programs to capture the value that consumers hold on environmental quality.  
Focusing specifically on the electricity generation industry, many utilities currently offer a green tariff 
program whereby consumers pay a fixed rate per kWh of consumption to help finance future renewable 
energy projects.   
In an era where fossil fuels are inexpensive to produce and utilize, on a direct cost basis, 
renewable energy generation is expensive compared to fossil fuels [73].   However, simple cost analyses 
comparing the two frequently don’t consider the additional benefits of renewables.  Green electricity is 
the impure public good since it provides energetic value and reduced environmental impacts through its 
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consumption relative to the conventional energy source.  In the short-run economy, technological 
progress, the perceived costs of production, environmental externalities, and decision-makers 
preferences all influence consumers’ willingness to contribute to green energy tariff programs.  
Increased federal and state funding may need to do more to help ramp up waste-to-energy systems 
statewide.  This type of funding could come from various sources, but greater participation rates in green 
tariff contributions could decrease the marginal costs of production for renewables, thus increasing the 
economies of scale.  One of the key questions this model seeks to answer is the extent to which the 
consumers are able to rotate towards contributing to the green electricity tariff. 
It is assumed that all biogas generated via anaerobic codigestion technology is collected and 
utilized in either a combined heat and power process or a fuel cell to generate electricity that is injected 
into the grid.  Current net-metering laws in New York State limit the net electricity injected into the grid, 
and net-metering credits at retail rates often make providing electricity beyond this limit economically 
unattractive.  Therefore, in this scenario, it is assumed that digester operators agree to a purchase power 
agreement with a utility company where both stakeholders involved mutually agree upon the time period 
of generation and the electricity generation rates received.  It is also assumed that all consumers in New 
York State are provided the opportunity to contribute to renewable electricity generation via voluntary 
contributions or green tariffs.  Consumers participating in this green energy program generate an impure 
public good referred to hereafter as environmental quality (ψ).  Monetizing and quantifying the level of 
ψ obtained was beyond the scope of this thesis, but it is assumed that environmental quality is a normal 
good with positive characteristics. 
 
A	  framework	  to	  analyze	  the	  green	  energy	  tariff	  for	  biogas	  development	  
Now consider a perfectly competitive electric utility market where the green tariff set by the 
utility applies to 100% of the household’s electricity consumption (ei), thus the consumer has the choice 
to contribute to the green tariff or not.  Approximately 60% of fuel for electricity generation in New 
York State comes from fossil fuels (e.g. petroleum, natural gas and coal) and another 37% comes from 
nuclear and hydroelectric (arguably non-renewable resources) [49].  Therefore, it is assumed that 
consuming the status quo is largely considered a non-renewable option. For this model, it is assumed 
that a green electricity tariff contribution, τi, comes from one of three choice alternatives where subscript 
i denotes green electricity generation contribution options- A, B and C.  Figure 22 partitions the 
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individual consumer preferences described here for each particular green tariff program choice. 
The focus of this model is on green tariff program A, where the tariff has a premium set at τi > 0, 
where τipc > pc.  Therefore, for each consumer participating in the green tariff program, his or her 
individual contribution is τiei.  The cumulative contribution to the public good (G) by society can then be 
calculated by G = 𝜏!∑!!!! ei.  The total amount of G depends on the cumulative private provisions, 
𝜏!∑!!!! ei.  For this analysis, the public good, G, has external benefits that all households benefit from 
whether they contribute to the green tariff or not.  
Assume the New York State economy consists of n number of households, each denoted i 
=1,2,3….n.  Let U(ei, gi) represent the utility a consumer gets from consuming ei units of electricity and 




Figure 22.  Annotated diagram of consumer choice for green tariff program and status quo options.  
Green Program A = biogas production, Green Program B = wind power solar energy production, Green 
Program C = composite group of other renewable energy types. 
 
 




𝑼𝒊 = 𝑼 𝒆𝒊,𝒈𝒊    (9) 
𝑠. 𝑡.    𝑝!𝑒! + 𝜏!𝑔! = 𝐼 
 
where ei is the household electricity consumption, gi is the contribution made to a green electricity 
consumption, and pc is the price per unit of conventional electricity consumed.  Consumers have 
different preferences for green electricity contributions, and thus make different choices with regards to 
their level of contribution.  Consumption of τigi has private provisions to the consumer that are 
accompanied by public amenities in the form of improved environmental quality (ψ).  In this market, 
some consumers will consume units of the public good (ψ) generated by other consumers.  Those who 
choose to make contributions to green electricity programs thus believe they are choosing a morally 
superior alternative to conventional electricity sources.  Contributing consumers seek to maximize their 
utility 𝑼𝒊 = 𝑼 𝒆𝒊,𝒈𝒊    (9 subject to their income constraint, shown below using the Lagrangian 
setup (Equation 10): 
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Figure 23.  Consumer preferences for contribution to environmental quality as a proportion of income 
 
Now lets look at how these effects would play out in the world of contributing to green tariffs, 
which provide positive environmental quality (ψ).  Figure 23 provides a graphical representation of how 
consumers allocate their income with respect to their preferences for environmental quality (ψ).  
An individual at point a (shown in Figure 23) seeking to improve environmental quality by 
making greater contributions to the green tariff given a fixed income (I) has two options.  First, they 
could reduce their electricity consumption, thus reducing their electricity expenses, and allocate the 
proportion of income gained to green tariff contributions to increase environmental quality.  This would 
result in a shift from a to b.  To many consumers, this possibility is impractical, therefore, we must now 
consider the move from a to c to maintain the same level of utility, but spending a higher proportion of 
income on preserving environmental quality.  From the public policy level, social planners must keep 
consumers on U2 in order to keep people happy at their initial level of utility; no progress would be 
made if you went below U2. 
 The trade-offs associated with a price increase in one good with respect to the consumer’s 
income constraint is graphically represented in Figure 24.  An increase in the price of one good pivots 




Figure 24.  Effect of a price increase on individual consumers budget constraint. 
Given the simple utility function Ui = U(ei, gi) and the first order condition shown above, we can 
calculate the slope of the indifference curve for this representative consumer, shown in Equation 11.  








𝒅𝒈𝒊 = 𝟎      (11) 
 
The slope of Equation 11 represents the marginal rate of substitution.  Herein lies the tradeoff between 
consumption of two goods.   Specific to this model, the marginal rate of substitution is the amount of ei a 
consumer is willing to lose to obtain an extra unit of gi.  
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All consumers have different preferences, some favoring environmental quality, and others 
having no interest in preserving environmental quality.  These preferences drive the consumers choice 
regarding how to maximize their individual utility subject to their income constraint.  Green energy 
tariffs cause consumers to think about their preferences in terms of what they consume rather than its 
price.  Regardless of their views on environmental quality, consumers implicitly place monetary value 
on the environment (ψ).   
Derived from the utility function, the indirect utility function gives the maximal level of utility 
when faced with different preferences over market parameters.  To solve for the indirect utility function, 
we must first solve for the Lagrange multiplier, giving us Equation 12. 
 
𝝀 = 𝝀(𝒑𝒄, 𝝉𝒊, 𝑰)           (12) 
 
Then computing the consumers preferred consumption bundle U =U(ei, gi) gives us the uncompensated 
Marshallian demand functions 
 
𝒆𝒊𝒅(𝒑𝒄, 𝝉𝒊, 𝑰)      13) 
    𝒈𝒊𝒅(𝒑𝒄, 𝝉𝒊, 𝑰)        (14) 
 
Superscript, d, denotes the Marshallian demand for each good.  Substituting Equation 13 and     𝒈𝒊𝒅(𝒑𝒄, 𝝉𝒊, 𝑰)        
(14 into the utility function 𝑼𝒊 = 𝑼 𝒆𝒊,𝒈𝒊    (9 gives the indirect utility function (Equation 15).  
Note, individual consumers are presumed to choose the optimal consumption bundle to maximize their 
utility given the income constraint.   
 
𝑽 𝒑𝒄, 𝝉𝒊, 𝑰 ≡ 𝑼[𝒆𝒊𝒅(𝒑𝒄, 𝝉𝒊, 𝑰), 𝒈𝒊𝒅(𝒑𝒄, 𝝉𝒊, 𝑰)]             (15) 
 
This function shows the level of utility achieved by the consumer as a function of income and prices 
when the consumer chooses the optimal demands.  Furthermore, this consumer obtains utility not from 
money and prices, but indirectly from the goods purchased.   
We can use the indirect utility equation𝑽 𝒑𝒄, 𝝉𝒊, 𝑰 ≡ 𝑼[𝒆𝒊𝒅(𝒑𝒄, 𝝉𝒊, 𝑰), 𝒈𝒊𝒅(𝒑𝒄, 𝝉𝒊, 𝑰)]             (15) and the 
expenditure equations (Equation 22) to calculate the compensating variation required for the consumer 
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to achieve their initial utility after a change in price due to the introduction of the new tariff or tax 
system.  Suppose the consumer starts with income I and prices pc and τi.  The consumer gets utility 
V(pc,τi,I).  Suppose the price of the green tariff increases rises to τi2, where τi2 > τi.  The consumers 
optimal level of utility is now V(pc, τi2,I), where V(pc, τi2,I) < V(pc,τi,I).  The additional income necessary 
to restore the initial level of utility is the compensating variation, denoted CV, and given by 
 
𝑽(𝑰+ 𝒄𝒗,𝒑𝒄, 𝝉𝒊𝟐) = 𝑽(𝑰,𝒑𝒄, 𝝉𝒊)                 (16) 
Making the appropriate substitutions and rearrangements to solve for CV gives us  
 
𝑪𝑽 = 𝑬(𝒑𝒄𝒆𝒊 + 𝝉𝒊𝟐𝒈𝒊 − 𝑬(𝒑𝒄𝒆𝒊 + 𝝉𝒊𝒈𝒊)]     (17) 
 
Knowing the relationship between utility, prices and change in income, we can then ask ourselves how a 
consumer might respond to having one more unit of wealth, which would increase the consumers utility 
by the Lagrange multiplier, λ, such that 𝜆 = ∂V/ ∂I.  Taking the total derivative of the indirect utility 














          (18) 
 
Two substitutions can be made using the first two first order conditions from Equation 10 and inserting 






















)              (19) 
 
Taking the derivative of the income constraint with respect to pc gives Equation 20, and substituting this 
into Equation 12 gives Equation 21 
 
















  = −𝒆𝒊𝒅         (20) 
𝛛𝐕
𝛛𝒑𝒄




This reveals that if pc goes up by one unit, the consumer loses one unit of 𝑒!! in terms of wealth.  Each 
unit of 𝑒!! lost has utility value equal to λ to the consumer.  Therefore, utility drops by −𝜆𝑒!! as shown 
by Equation 21.  Figure 24 shows the effects of an increase in price of one good and how it rotates the 
income curve.  Therefore, a lower proportion of a consumer’s income could be contributed to the green 
tariff program if the price of conventional fuels were to increase by one unit.  This is what is shown 
mathematically making the assumptions listed previously, but intuition says that an increase in the price 
of conventional fuels may in fact have the opposite effect, where it could result in a shift in income 
allocation to greater contributions towards the green good.  This notion is entirely dependent on the 
representative consumer’s willingness to pay and preferences for consumption of green goods. 
An important part of this mathematical structure is that contribution levels made by the consumer 
are independent of the electricity consumption by source, meaning that while contributions are made to 
benefit green energy, households continue to consume electricity generated from conventional electricity 
sources (e.g. coal and natural gas).  
A model is now considered where policies placing a Pigovian tax, ϕ, per unit of consumption on 
the conventional good to all consumers including those contributing to the green tariff program.  
Pigovian taxes are typically placed on goods that generate negative externalities to obtain social 
efficiency in the market.  In this new economy, it is assumed that no individuals are currently 
contributing to financing green electricity when the government imposes this new tax.  An equivalent 
subsidy could also be placed onto the green electricity generation industry, but since this model focuses 
on consumer theory, intuition says it makes more sense to place a consumption tax on the conventional 
good.  Setting up simple pre- and post-tax expenditure functions to the representative consumer yields 
Equation 22 
 
𝑬 = 𝒑𝒄𝒆𝒊 + 𝝉𝒊𝒈𝒊 ⇒ 𝐄 = 𝒑𝒄𝒆𝒊𝝓+ 𝝉𝒊𝒈𝒊          (22)                 
                                            pre-tax E                  post-tax E 
 
Now the individual net payoff from voluntarily contribution to financing green electricity 
generation given this new tax would be s = [i(τi,gi) + ϕ − τigi]; where i is the level of environmental 
satisfaction achieved from consuming quantities of τi and gi.  It is then asked how would this 
consumption tax on the conventional good affect the long-run fuel consumption and green tariff 
 
105 
contribution equilibrium?  At what level is the tax set to achieve the desired social optimum?  If ϕ is set 
such that 𝜙 < 𝜏!𝑔! − 𝑖  (𝜏! ,𝑔!), the tax is less than the net private cost of accepting the green tariff 
program.  However, if the tax is set at a level which the net payoff, s, were positive (𝜙 > 𝜏!𝑔! −
𝑖  [𝜏! ,𝑔!]), then greater participation would be seen in the green tariff program.  This result would shift 
the equilibrium towards greater participation in the green tariff program, thus deriving greater 
environmental benefits.  Nyborg et al. [74] noted that in this type of setup, a Pigovian tax need not be set 
at a rate equal to the marginal social benefits because consumers partly internalize the external benefits, 
thus reducing the required level or tax levied on the consumer.  The use of a Pigovian tax has even 
greater implications when used in the “green” context.  This is because consumers often interpret green 
taxes as increased perception of self-responsibility surrounding the environmental impacts associated 
with consumption of conventional fossil fuels [75]. 
The indirect utility equation (Equation 15) and the expenditure equation (Equation 22) can be 
used to calculate the compensating variation required for the consumer to achieve their initial utility 
after a change in price due to the introduction of the new tariff and tax system.  Suppose the consumer 
starts with income I and prices pc and τi.  The consumer gets utility V(pc, τi,I).  Suppose the price of the 
conventional good rises to ϕPc, where ϕPc > Pc.  The consumer’s optimal level of utility is now 
V(ϕpc,τi2,I), where V(ϕpc, τi2,I) < V(pc, τi2,I).  The additional income necessary to restore the initial level 
of utility is the compensating variation, denoted CV, and given by 
 
𝑽(𝑰+ 𝑪𝑽,𝝓𝒑𝒄, 𝝉𝒊𝟐) = 𝑽(𝑰,𝒑𝒄, 𝝉𝒊)              (23)  
 
Making the appropriate substitutions and rearrangements to solve for CV gives us  
 
𝑪𝑽 = 𝑬(𝝓𝒑𝒄𝒆𝒊 + 𝝉𝒊𝟐𝒈𝒊 − 𝑬(𝒑𝒄𝒆𝒊 + 𝝉𝒊𝒈𝒊)]   (24) 
 
Biogas	  blending	  mandate	  background	  information	  
Many countries, including the United States, have dedicated biofuel-blending mandates in place.  
For example, some U.S. states and cities mandate 10% ethanol blends with gasoline as a vehicle fuel.  In 
2007, the Energy Independence and Security Act established mandates to use 36 billion gallons of 
biofuels annually by 2022 [71].  Although politically controversial, this model sets a high standard for 
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biofuel development and implementation, and one could have considerable potential for modeling other 
types of renewable fuel blending mandates for domestic energy generation.  Among the numerous 
political objectives, including reduction of greenhouse gas emissions, air pollution and fossil fuel 
consumption, a regulatory mandate establishing a required amount of biogas blended with natural gas 
into the currently existing natural gas infrastructure could have profound effects on biogas production.  
Since feedstock sources vary geographically, this type of mandate would be well suited for 
natural gas-biogas blending due to the high concentration of CAFO farms and food manufacturing 
facilities throughout New York State [4, 41].  Regulatory mandates are generally preferred over fuel 
taxes, which are often suboptimal programs and largely ineffective at reducing fuel consumption in the 
United States.   Mandates typically generate higher blended fuel prices, which drive increased renewable 
biofuel production, lower fossil consumption and thus reduced environmental impact [76].  This biogas-
blending mandate model will present a framework for analyzing the economic impacts of the 



















Modeling	  framework	  to	  analyze	  a	  biogas	  blending	  mandate	  
The consumer’s utility function is first derived, which depends on their consumption of blended 
fuel (Pf, Df) and the consumption of the composite goods (y).  The representative consumer’s utility is 
given by 
 
𝑼𝒊 = 𝑼 𝒚,𝑫𝒇,𝑷𝒇,𝝍       (25) 
𝑠. 𝑡.    𝑦 + 𝑃!𝐷! = 𝐼 
 
where Df represents the demand (consumption) for blended fuel, ψ represents the environmental damage 
as a result of aggregate consumption of natural gas (xn) and biogas (xb).  The Lagrange maximization 
problem can now be written out as  
 











− 𝜆𝑃! = 0 
iii. !!
!!
= 𝐼 − 𝑃!𝐷! − 𝑦 = 0 
 
Known parameter γ represents the relative environmental damage of biogas to natural gas in 
energy equivalents, where γ < 1.   
To understand how a statewide mandate would affect the New York State biogas production 
industry, a simplified model of the biofuel mandate program is first presented.  For this model, a 
perfectly competitive market is considered where natural gas and grid injected biogas are perfect 
Hicksian substitutes, which is arguably the case due to the biogas upgrade and injection requirements set 
by the utility companies.  Therefore, the demand for fuel is now the demand for the blended natural gas-
biogas fuel.  Consumers would feel no effect on their utility if it were only based on the energy obtained 
from consumption.  However, we know that consumers also gain utility from greater environmental 
quality.  Furthermore, we will assume that natural gas and biogas are the only two products (thus 
excluding propane, heating fuel, etc.).   
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Consider a state mandate where the minimum share of grid injected biogas sold is represented 
by, η, where η ∈ (0,1), in a competitive market with domestic supply Sn and Sb for natural gas and 
biogas, respectively (Figure 25).  The supply for fossil fuels in the U.S. is notoriously elastic, explaining 
why a horizontal line represents the Sn supply.  Renewable fuels, on the other hand, typically have a less 
elastic supply curve, as shown by Sb.  Somewhere in between is Sf, the supply of the blended fuel in New 
York State with a biogas blending mandate in place.  The demand for the natural gas-biogas blended 
fuel is denoted Df, and exhibits a greater elasticity of demand compared to the demand curve for biogas, 
denoted ηDf for the similar reason to those stated for the elasticity of supply. 
In the short-run, a biogas mandate would drive up the price of blended gas to a* relative to the 
steady-state equilibrium prior to the mandate. At this new equilibrium, consumers will be paying the 
marginal cost of production for producing each unit of fuel blend.  Therefore, the price of blended fuel is 
given by 
 
𝑷𝒇 = 𝜼𝑷𝒃 + (𝟏− 𝜼)𝑷𝒏                    (27) 
 
where Pf is the marginal cost of blended fuel at the mandated level.  The statewide mandate 
requirements can now be expressed as  
 
𝑺𝒏 = 𝑺𝒇 𝑷𝒇 ∗ (𝟏− 𝜼)               (28) 
𝑺𝒃(𝑷𝒃) = 𝜼𝑺𝒇           (29) 
 
Rearranging and solving for Pb in Equation 27 and substituting this function into Equation 29 yields the 
supply curve for blended fuel (Sf), given by 
 




Figure 25.  Economics of natural gas-biogas blend mandate (not drawn perfectly to scale) 
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𝑷𝒈        (30)  
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From Figure 25, it is seen that the equilibrium condition for Pf can be found at a* 
and is given by Sf (Pf) = Df(Pf) ≡  Qf, where Qf is the equilibrium fuel consumption.  For a 
mandate requiring the consumption quantity of biogas to be ηDf(Pf), the price of biogas at 
equilibrium can be found at b* and is implicitly given by Sb(Pb) = ηDf(Pf).  Therefore, 
evaluating the ηDf demand curve where it intersects Sb in steady state equilibrium, we get 
quantity of biogas Qb at price Pb.  The total additional expenditures to a representative 
consumer under this mandate are area da*fe, which is equal to the additional revenue to 
biogas producers in addition to the price of fuel.  On an energy equivalent basis, biogas 
production and combustion releases lower greenhouse gas emissions relative to natural gas, 
therefore could have an elemental role in reducing total greenhouse gas emissions 
statewide. 
The outcomes of this model largely depend on the relative price elasticity of supply 
of biogas and natural gas.  Assuming a price elasticity of supply for blended fuel between 
Pn and Pb, a statewide blending mandate would decrease total fuel consumption (Qf0 
è Qf).  At the extreme, if natural gas demand is modeled as perfectly inelastic using a 
vertical demand curve (not shown in figure), intuition states that the mandate would have 
no impact on total blended fuel consumption.  Conversely, if fuel demand is modeled as 
moderately elastic (as shown by Df), we see an increase in total biogas consumption and 
equal decrease in natural gas consumption with a statewide blend mandate in place. 
 
Conclusions	  
Green	  tariff	  conclusions	  
The green tariff model shown here addresses a few important questions regarding 
contributions to green tariffs.  The study of impure public goods (e.g. green goods) and 
environmentally friendly consumption statics must take into consideration the public 
amenities generated through their consumption.  In the green tariff model shown above, we 
see that privately acquired goods jointly produce a public and private good, and that a 
consumers utility is based on the optimal consumption bundle of green goods that 
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maximizes their utility based on the public characteristics they generate.  Although not 
empirically derived from this model, income and consumer preferences for environmental 
quality are elemental to a green tariff programs success.  Therefore, targeting consumers 
with greater concern for the environment, and possibly targeting higher income consumers, 
may provide the greatest success.  It was shown that consumers value environmental 
quality subject to their income constraint, and if given the opportunity to contribute to 
green tariffs, increasing the number of choices could benefit the total contributions to 
financing green electricity generation projects. 
 
Biogas	  blending	  conclusions	  
 In this static energy production model, it is shown that mandates actually increase 
consumer prices of blended fuel, with the tradeoff being greater financial resources to 
ramp-up biogas production statewide and increase environmental quality. This implicitly 
decreases greenhouse gas emissions and other environmental impacts, while maintaining 
the same, if not better, level of social efficiency.  The policy implications evolving from the 
conclusions of this model are that mandates could have considerable potential, even when 
considering only modest biogas production rates relative to annual natural gas consumption 
rates.  
One key assumption made throughout this model was that there were constant 
returns to scale in the long run.  Many forms of energy production have positive economies 
of scale that lower the average cost of production as productive capacity increases.  
Although not explicitly shown in this thesis, a simple example of how this would work is 
shown below using a Cobbs-Douglas production function using arbitrary parameters B, K 
and L when ρ ∈ (0,1), ε ∈ (0,1) and (ρ + ε) = 1, and B > 0.  The Cobbs-Douglas function 
with constant returns to scale  
 





However, when (ρ + ε) > 1, we have a Cobbs-Douglas function with increasing returns of 
scale, as shown below 
 
𝑭 𝒃𝑲,𝒃𝑳 = 𝑩𝑲𝝆𝑳𝜺 = 𝒃𝝆!𝜺𝑭[𝑲,𝑳]    (32) 
 
Increasing returns to scale are commonly observed in the energy production scale as 
technology and learning-by-doing decrease costs of production.  Therefore, a more in-depth 
analysis might consider this effect as they attempt to answer the questions surrounding 
which green energy program described above would create the provide the greatest 
increase in social welfare at the lowest economic cost. 
 
Future	  Work	  
As a topic of further research, one could consider the market impacts of 
implementing both a green tariff program and biofuel mandate.  Furthermore, it is of 
interest to understand how combining these green programs would affect future 
development of waste-to-energy projects and impact consumer expenditures, greenhouse 
gas emissions reductions and consumption patterns.  Increases in economies of scale could 
further expand production of biogas by reducing its marginal cost of production.  This 
analysis only considers the NYS market, but the results could be generalized for other 
states granted they conduct waste abundance assessments specific to their state.  
Another future research need is to investigate how individual consumer’s 
willingness to pay for different green energy sources would change in different states 
where renewable fuel abundance/productive capacity varies.  Green energy generation is 
often promoted generically, but is in fact not generated generically.  This difference could 
have important policy implications for designing a socially beneficial green energy 
program.  Borchers et al. [77] conducted a nationwide empirical analysis of this research 
question and found that consumer’s preferences are an important factor in determining the 
cumulative contributions to financing green energy, but are largely based on geographical 
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location.  Therefore, applying the model presented in this thesis to other states where 







































Chapter	   7:	   Conclusions	   and	   the	   Future	   of	   the	   Anaerobic	  
Codigestion	  Industry	  
 
The future development of biogas production from codigestion dairy manure and 
food manufacturing waste- and also utilizing the byproducts of biofuel processing and 
agricultural residues- has definite advantages compared to other renewable energy 
technologies.  As shown by the work done for this thesis, there is considerable potential for 
renewable energy production via anaerobic codigestion in New York State.  The rich 
agricultural industry of New York State contributes significant raw organic material to 
New York State food manufacturing facilities.  Food manufacturing industries such as 
apple, milk, and cheese processing, yogurt production, beer and wine production, and 
bakeries are abundant throughout New York State, and could potentially contribute a large 
volume of organic feedstocks to centralized anaerobic codigestion facilities.   
Some of the biggest barriers to widespread anaerobic digestion are the following.  
First off, reducing capital costs and management costs, and providing precise real-time 
reporting of key feedstock and operational parameters to optimize the process could all 
increase biogas production.  Furthermore, simplifying the design of the digestion facilities 
to reduce the capital costs, and importing up to 40% food wastes into the digester, will each 
lead to economic favorability in the future.  Also, educating potential end users about the 
technology, the financial incentives available, and the services and resources that private 
and public consulting firms offer to make design, installation and operation more efficient, 
are all aspect of this technology that need to become more well-known.  
This technology offers numerous environmental, agricultural, and socio-economic 
benefits to society, ranging from the codigestion operator, all the way to the end-user of the 
electricity.  Last but not least, biogas production using existing waste streams reduces the 
amount of organic material being disposed of in landfills and wastewater treatment 
facilities, thus helping to create a closed-loop system maximizing the total utility derived 
from producing organic products (e.g. food products) and bolstering the economy with the 
production of raw inputs (e.g. dairy products such as milk going to cheese producers).  
Effectively diverting these "waste" biomass materials into waste-to-energy processes such 
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as anaerobic codigestion facilities has a promising future for renewable energy generation 
and waste reduction.  In addition to the nearly ~450 dairy CAFOs producing large 
quantities of manure, and the extensive New York State food manufacturing industry, 
considerably potential for on-farm anaerobic codigestion exists in New York State.  While 
stronger financial incentives (e.g. production incentives, fixed and variable state rebates, 
tax incentives, etc.) would encourage greater development, educating farmers / food 
manufacturer operators of the financial aid available, and the economic, environmental, and 
social benefits derived from codigestion, may also be critical step to further development of 
this technology. 
 In addition to the traditional dairy farm digesters, future work should also analyze 
the potential for deploying anaerobic codigestion at wastewater treatment facilities.  In 
New York State alone, only approximately 20% of the total WWTP's have an anaerobic 
digestion technology.  A majority of these only digest only sewage sludge produced by the 
wastewater treatment process.  The volume of sewage sludge production remains relatively 
constant, much like dairy manure volume, and could act as an effective base substrate to 
moderate the biodegradation of more readily biodegradable food-related substrates.  For 
new installation, designing the anaerobic codigestion facility to process both sewage sludge 
and off-site generated food-based feedstocks would both increase biogas production 
potential, as well as the potential to increase profitability if an effective biogas utilization 
system is put in place.  Biogas utilization methods are also largely underdeveloped at 
wastewater treatment facilities in New York State and nationwide.  Many either flare the 
biogas, or release it directly into the atmosphere.  Thus, considerable potential also lies in 
developing biogas utilization technologies both at wastewater treatment plants as well as 
landfills with landfill gas collection systems. 
 Another area of future research would be to expand on the simple linear program 
developed for this thesis, and crease an extensive multicriteria decision analysis model that 
can optimize for both profit and operating conditions, give all of the constraints that are 
faced.  For example, increasing the volume of feedstock accepted by the facility would 
increase the inflow rate, it also reduces the hydraulic retention time.  This practice may 
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increase tipping fee revenue, but the biomethane production potential value may decrease 
since the substrates now have less time to biodegrade in the chamber.  Doing the opposite 
would decrease tipping fee revenue, but potentially increase revenue from the sale of 
renewable energy credits from increase electricity production.  Integrating the biogas 
utilization constraints into this system further exacerbates the need for future work on this 
optimization model.  In the case where the anaerobic codigestion facility is a privately 
owned entity, profit maximization needs to coexist with optimal operating conditions, 
which is where a multicriteria optimization model would be ideal for identifying how to 
achieve this scenario.  Tipping fee dynamics are constantly evolving, and as more waste 
(feedstock) producers realize that their “waste” has considerable value in the market as a 
feedstock for renewable energy generation, we may see a decline in tipping fee prices.  We 
may even see a situation similar to the European model, where codigestion facilities pay 
waste producers for to process their waste.  Using this model, their primary source of 
revenue now comes from feed-in tariffs and the sale of renewable energy credits.  If the 
market were to evolve to the point where codigestion facility operators will be paying for 
feedstocks, U.S. state and federal governments would need to enact policies to allow for 
greater revenue generation from the sale of renewable energy in order for this business 
model to succeed.  Having a multicriteria model that can model each of these scenarios 
given the constraints of a particular codigestion facility would be very beneficial to 
understanding the dynamics of the waste-to-energy industry. 
 Since anaerobic codigestion will involve acquiring feedstocks from multiple 
locations potentially scattered across the state, a greater understanding of this spatial 
feedstock proximity may be realized with the use of a powerful geographic information 
system mapping software such as ArcGIS©.  Creating a proprietary database that contains 
information on potentially available solid, liquid and FOG feedstocks across New York 
State may enable codigestion developers to site facility locations with greater confidence in 
obtaining feedstock material.  This type of analysis would also allow for more rigorous 
statistical modeling to be conducted optimizing biogas production within New York State. 
 While the environmental impact analysis in Chapter 5 of this thesis provided insight 
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into the net greenhouse gas emissions associated with an anaerobic codigestion facility, two 
important emission categories were omitted, emissions associated with the parasitic load, as 
well as the emission associated with plant construction and deconstruction.  The parasitic 
load is expected to be small because when the engine-generator set is generating renewable 
electricity, it is providing sufficient electricity to satisfy the parasitic load.  However, when 
the engine-generator set is down (e.g. maintenance or rebuild), electricity is imported from 
the grid, thus these emissions should be accounted for in the annual net emissions impact.   
Furthermore, the emissions associated with plant construction and deconstruction should 
also be considered.  When normalizing the emissions associated with these two activities 
over the course of the plant life-time (25-30 years), they are expected to be low, but further 
analysis should either confirm or deny this notion.   Thus, further research is required to 
account for all of the potential greenhouse gas emission sources from birth to death of the 

























Figure A- 1.  Sample Freedom of Information Law (FOIL) request sent to each of the 62 
counties in New York State. 
R·I·T       Rochester Institute of Technology 
         Golisano Institute for Sustainability 
         111 Lomb Memorial Drive 
         Rochester, New York 14623-5608 
 
July 28, 2011 
 
Records Access Officer 
Office of the County Executive 
421 Montgomery Street, 14th floor 
Syracuse, New York 13202 
Tel: (315) 435-3516 
 
Re: Freedom of Information Law Request for Records 
 
Dear Records Access Officer, 
 
The Golisano Institute for Sustainability (GIS) at the Rochester Institute of Technology is conducting a comprehensive 
assessment of the properties and volumes of high strength waste streams produced by the New York State food processing 
industry and discharged into publicly owned treatment works.  Using this information, GIS will assess the prospects for the 
expansion of waste-to-energy technologies in New York State, focusing on waste stream availability and environmental and 
economic impacts. 
 
Under the provisions of the New York Freedom of Information Law, Article 6 of the Public Officers law, I hereby request a 
copy of records or portions thereof from the Onondaga County Department of Water Environment Protection Department 
containing the following information during the period 2008 through 2010. 
 
• Name and location of companies within Onondaga County holding Industrial Wastewater Discharge Permits, 
including both significant and non-significant industrial users. 
• For each company paying the high strength wastewater surcharge, the biological oxygen demand (BOD, in 
milligrams per liter) and suspended solids (SS, in milligrams per liter) upon which this surcharge is based. 
• For each company paying the high strength wastewater surcharge, the annual water usage rate to which the 
surcharge is applied. 
Electronic copies of these records would be preferred if available, however, hardcopies of these records would also be 
appreciated.  I understand there may be a standard copying fee for duplication of these records.  If the fee exceeds $50, 
please contact me before duplicating the records.   
As you know, the Freedom of Information Law requires that an agency respond to a request within five business days of 
receipt of a request.  Therefore, I would appreciate a response as soon as possible, and look forward to hearing back from 
you soon. 
If for any reason any portion of my request is denied, please inform me of the reasons for the denial in writing and provide 
the name and address of the person or body to whom an appeal should be directed. 
Regards, 
 
Dr. Thomas A. Trabold 
Rochester Institute of Technology 
111 Lomb Memorial Drive 
Building 78, Room 1220 







Figure A- 2.  New York State Concentrated Animal Feeding Operations (CAFO) site map, 







Figure A- 3.  New York State municipal solid waste depository site map, 2012 data, New 























Figure B- 2.  Daily biogas and electricity production at the Synergy Biogas Facility, 
January 1 through December 31, 2012. 
 
 








Figure B- 4.  Daily food waste input, manure input, and biogas production at the Synergy 




Figure B- 5.  Daily food waste input, manure input, and biogas production at the Synergy 






Figure B- 6. Weekly electricity production at the Synergy Biogas facility, January 1 

























Figure C- 1.  New York State electricity generation by source, July 2012 [60]. 
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